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Uvod: Dušik spada med glavna hranila, ki so potrebna za vzdrževanje dinamičnega 
ravnovesja med ribami, rastlinami in mikroorganizmi v akvaponičnem sistemu. Po vsem 
svetu narašča zaskrbljenost zaradi morebitnega onesnaženja okolja z odpadnimi vodami 
akvaponičnega in drugih sistemov, ki vsebujejo povečano vsebnost dušika. Povezovanje 
pridelave hidroponskih rastlin in recirkulacijske tehnologije za gojenje rib lahko poveča 
učinkovitost uporabe dušika in okoljsko trajnost. Namen: Študijo smo izvedli, da bi 
kvantitativno opredelili dušikove funkcionalne gene, ki sodelujejo pri kroženju dušika v 
sistemu s solato ter tilapijo. Metode dela: Vzorčili smo različne dele akvaponičnega sistema, 
vključno z biofiltrom, bazenom za ribe, hidroponskim zbiralnikom, hidroponsko mizo, 
ribjimi iztrebki, svežim blatom, odpadnim blatom ter koreninami. Številčnost genov dušika 
smo analizirali s kvantifikacijo gena 16S rRNA z uporabo molekularne tehnike kvantitativne 
verižne reakcije s polimerazo. Analizirani procesi so bili nitrifikacija in komamoks (geni 
bakterij in arhej amoA, hao, nxrB), denitrifikacija (narG, napA, nirS, nirK, norB, nosZ), 
DNRA (nrfA), fiksacija dušika (nifH) in anamoks (hzs, hzo). Rezultati: Potencialni geni 
dušikovih bakterij in arhej so se med vzorci razlikovali. Analiza dušikovih genov je razkrila 
veliko raznolikost in prevlado bakterijskih združb. Na osnovi korelacijske analize je 
nitrifikacijo najbolje razložiti s številčnostjo gena amoA bakterij in arhej ter NH4+-N, 
medtem ko denitrifikacijo neposredno z geni nirS, nirK, nosZ in norB ter NO3--N. Razprava 
in zaključek: Z identifikacijo funkcionalnih genov, ki sodelujejo pri kroženju dušika lahko 
razložimo procese mikrobnih združb s povezanimi okoljskimi parametri v akvaponiki, 
vendar pa bi bila potrebna podrobna analiza napovedi ravni onesnaženosti okolja ter 
delovanja akvaponičnega sistema. 





Introduction: Nitrogen is one of the main nutrients required for the maintenance of the 
dynamic equilibrium between fish, plants and microorganisms in an aquaponic system. 
Integrating hydroponic plant production and recirculating aquaculture technology promises 
to enhance nitrogen use efficiency and overall environmental sustainability. Purpose: The 
present study was carried out to quantify nitrogen functional genes involved in the nitrogen 
cycle by hydroponic lettuce integrated with tilapia aquaculture. Methods: We sampled 
different compartments of the aquaponic system, including biofilter, fish tank, hydroponic 
sump, hydroponic table, fish feces, fresh sludge, digested sludge and roots. The abundances 
of nitrogen functional genes were analyzed by comparison to 16S rRNA gene using 
quantitative polymerase chain reaction affiliated with nitrification and COMAMMOX 
(bacterial and archaeal amoA, hao, nxrB), denitrification (narG, napA, nirS, nirK, norB, 
nosZ), DNRA (nrfA), N-fixation (nifH) and ANAMMOX (hzs, hzo). Results: The potential 
nitrogen cycling genes of bacteria and archaea varied between samples. Targeting these 
genes revealed high diversity and dominance of bacterial communities. Based on correlation 
analysis, nitrification was best explained by bacterial and archaeal amoA gene abundance 
followed by NH4+-N content, whereas denitrification was best explained directly by nirS, 
nirK, nosZ and norB abundances and NO3--N. Discussion and conclusion: Overall, 
identified functional genes involved in the nitrogen cycle could explain beneficial N 
processes linking with the microbial communities and operating parameters involved in 
aquaponics, but a deeper analysis would be required to predict environmental contamination 
and maintain a functioning aquaponic system. 
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By the year 2050, a 70-100% increase in global agricultural production will be needed to 
sustain a world population of ten billion people (Gerten et al., 2020). Globally, this will alter 
flows of nitrogen (N), the productivity and biological diversity of the ecosystem will change 
(Tilman, Isbell, 2015; Vitousek et al., 1997) causing eutrophication, nitrate (NO3-) 
contamination of freshwater resources, ozone and air quality degradation, and greenhouse 
gases-driven climate change (Galloway et al., 2008; Erisman et al., 2011, Vitousek et al., 
1997; Townsend et al., 2003; Ravishankara et al., 2009). 
As one of the most important greenhouse gases, N, in form of anthropogenic N (nitrous 
oxide, N2O), is a critical issue that calls for more efficient and sustainable practices and 
consumption patterns (FAO, 2019). About 50% of applied N in agriculture enter the 
environment through a number of processes that impact human and environmental health 
(Ravishankara et al., 2009; Galloway et al., 2003; Lassaletta et al., 2014; Pikaar et al., 2017). 
Currently, the majority (60 – 80%) of global N2O emissions is attributable to agriculture 
(Linquist et al., 2012; Turner et al., 2015). Thus, there is a critical need to understand how 
ecosystems respond to N availability. Production ecosystems such as aquaponics, an 
integrated agriculture-based system that combines recirculating fish culture and plant 
production (Rakocy, 2012), may hold key clues to improve the global cycling of N. 
Aquaponic systems have a potential to recover N compounds and to reduce waste discharge 
to the environment (Goddek et al., 2016) since the system function is based on the recycling 
of nutrients and water.  
In aquaponic systems, three different groups of organisms are involved, fish, plants and 
microorganisms. Microorganisms are closely involved in metabolic reactions of N, 
proteolysis, and sulfate reduction (Munguia-Fragozo et al., 2015). One of the most important 
processes is the conversion of fish toxic particulate and dissolved N compounds (ammonia, 
NH3 and nitrite, NO2-) into plant available compounds (Munguia-Fragozo et al., 2015; 
Somerville et al., 2015). Treatment via microbial interaction is the key for optimized 
aquaponic integration, which combines fish waste output by fish feed addition and plant 
nutrient utilization (Rakocy, Hargreaves, 1993; Lennard, Leonard, 2006; Goddek et al., 
2015). The bacteria in the system (Schmautz et al., 2017) and the known N-cyclers are 
(Kuypers et al., 2018) represented in Figure 1.  
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Figure 1: Schematic diagram of the N flow in an aquaponic system.  
Slika 1: Shema kroženja dušika v akvaponičnem sistemu: bazen za ribe (1), enota za 
odstranjevanje trdnih snovi (bobnasti filter) s senzorjem vodne gladine (2), zgoščevalna 
enota trdnih snovi (radialni pretočni usedalnik) (3), biofilter (4), enota za UV dezinfekcijo 
(5), sistem za dodajanje kisika (O2) (6), anaerobni reaktor (7), hidroponska miza (8), 
zbiralna posoda za vodo (9).  
1.1 Nitrogen availability in aquaponics 
The fundamental molecular basis of N-cycling has important implications from the arena of 
human health and disease through to issues related to the global environment (Moir, 2011). 
Nitrogen, as an indispensable ingredient of life, plays different roles from being an essential 
constituent building blocks of life to providing a substrate for energy conversion (Moir, 
2011). The N atoms are present in the deoxyribonucleic acid (DNA), ribonucleic acid 
(RNA), amino acids, proteins, and other cell components (Pratt, Cornely, 2018). In an 
aquaponic system, N can exist stably at a wide range of formal reduction states (Table 1), 




Table 1: Oxidation states of N species (Reineke, Schlomann, 2007). 
    Tabela 1: Oksidacijska stanja dušika (Reineke, Schlomann, 2007).  
Species Oxidation state  Occurrence 
amine (R-NH2) -3 amino acids 
ammonia (NH3); ammonium (NH4+) -3 gas; dissolved ion, salt 
hydrazine (H2N-NH2) -2 intermediate of ANAMMOX 
hydroxylamine (NH4NO2) -1 intermediate of ANAMMOX 
molecular nitrogen (N2) 0 gas 
nitrous oxide (N2O) +1 gas 
nitric oxide (NO) +2 gas 
nitrite (NO2-) +3 dissolved ion, salt 
nitrogen dioxide (NO2) +4 gas 
nitrate (NO3-) +5 dissolved ion, salt 
 
All changes in N redox states are catalyzed by specific enzymes (Moir, 2011). In aquaponic 
systems, the major source of N is fish feed, consumed by and later on excreted by fish in the 
form of free and bound NH4+ (Timmons, Ebeling, 2013). Therefore, fish excrements in the 
form of NH4+ provide the major N source for plant growth. As the ammonium-rich 
aquaculture effluent flows through the system, nutrients are transformed by biological 
nitrification, denitrification and assimilation by plants in the form of NH4+ and NO3- (Graber, 
Junge, 2009; Zou et al., 2016). Several studies were published on the N balance in aquaponic 
systems (Endut et al., 2014; Hu et al., 2015; Zou et al., 2016; Wongkiew et al., 2017), but 
there is a need to properly characterize the marker genes that are involved in the N-cycling 
in the system. A better understanding of how the N dynamics can pave the way of integrating 
N-utilization and loss in aquaculture effluent that circulates through the system, and 
consequently also other waste waters that contain N and organic matter. 
1.2 Functional gene analysis of N-cycling processes 
In an aquaponic system, the main interest in functional gene analysis is the community 
function and structure that drive the N-cycle (Figure 2). The major well-established 
biological N-cycle processes are summarized in Table 2. This list is getting constantly 
updated since more organisms are found for each N gene (Figure 1). 
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Figure 2: The microbial transformations and intermediate compounds of N. Different colors 
are allocated to different microbial pathways or species: nitritation (orange), ammonia 
oxidizing bacteria (AOB); nitratation (dark blue), nitrite oxidizing bacteria (NOB); 
denitrification (blue): nitrate reduction, nitrite reduction, nitrous oxide reduction, nitric 
oxide reduction;  anaerobic oxidation of ammonia, ANAMMOX (red);  dissimilatory 
nitrate/nitrite reduction to ammonia, DNRA (green); N-fixation (dark green); 
ammonification (purple). Key genes of each N pathway are depicted that are known to 
mediate the conversion from one N species into another: amoA, ammonia monooxygenase;  
hao, hydroxylamine oxidoreductase; nxr, nitrite oxidoreductase; nar, membrane-bound 
nitrate reductase; nap, periplasmic nitrate reductase; nirK, copper-containing nitrite 
reductase; nirS, cytochrome cd1 nitrite reductase; nrf, cytochrome c nitrite reductase; norB, 
nitric oxide reductase;  hzs, hydrazine synthase; nosZ nitrous oxide reductase; nifH, 
nitrogenase reductase. 
Slika 2: Pretvorba dušikovih spojin s pomočjo mikroorganizmov. Različne barve 
predstavljajo različne procese mikroorganizmov: nitritacija (oranžna), amonijak 
oksidirajoče bakterije (AOB), nitratacija (temno modra), nitrit oksidirajoče bakterije 
(NOB), denitrifikacija (modra): redukcija nitrata, redukcija nitrita, redukcija dušikovega 
monoksida, redukcija didušikovega oksida, anaerobna oksidacija amonijaka, anamoks 
(rdeča), disimilatorna redukcija nitrata/nitrita v amonijak, DNRA (zelena), fiksacija dušika 
(temno zelena), amonifikacija (vijola). Prikazani so geni, ki so odgovorni za pretvarjanje 
različnih spojin dušika: amoA, amonijak monooksigenaza; hao, hidroksilamin 
oksidoreduktaza; nxr, nitrit oksidoreduktaza, nar, membranski nitrat reduktaza; nap, 
periplazmatska nitrat reduktaza; nirK, nitrit reduktaza z vsebnostjo bakra; nirS, citokrom 
cd1 nitrit reduktaza; norB, reduktaza dušikovega oksida; hzs, hidrazin sintaza; nosZ, 










































Table 2: Nitrogen functional genes related to N cycling processes in bacteria and archaea. 
Tabela 2: Funkcionalni geni dušika, povezani s procesi kroženja dušika v bakterijah ter arhejah. 
Metabolic process Encoded enzyme Target gene Target class/genus Reference 
Oxidation of ammonium  









(Könneke et al., 2005) 
(Burton, Prosser, 2001; 
Tourna et al., 2011) 
(Daims et al., 2015; van 
Kessel et al., 2015) 
Oxidation of hydroxylamine  
NH2OH + H2O ® NO2- + 5H+ + 4e- 
hydroxylamine 
oxidoreductase 
hao Nitrospira spp., Nitrosomonas 
 
(Daims et al., 2015; van 
Kessel et al., 2015) 
Oxidation of nitrite  
NO2- + H2O ® NO3- + 2e- + 2H+ 
nitrite 
oxidoreductase 
nxr Nitrospira (Daims et al., 2016) 
(Griffin et al., 2007; 
Schott et al., 2010) 
(Strous et al., 2006) 
COMAMMOX 












Nitrospira spp. (Daims et al., 2015; van 
Kessel et al., 2015) 
(Koch et al., 2014; 
Koch et al., 2015) 
Nitrate reduction 





(Moreno-Vivián et al., 
1999) 
Nitrite reduction 














(Maia, Moura, 2014) 
 
 
(Bartossek et al., 2010) 
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Nitric oxide reduction 
2NO + 2e- + 2H+ ® N2O + H2O 
nitric oxide reductase  norB Pseudomonas  (Saraiva et al., 2004;  
Rodrigues et al., 2006) 
(Wang et al., 2016) 
(Zumft, 1997) 
Nitrous oxide reduction 








(Cabello et al., 2004) 
(Simon et al., 2004) 
Nitrite ammonification 
NO2- + 6e- + 8H+ ® NH4+ + 2H2O  
Dissimilatory 
ammonia-forming 







Blöchl et al., 1997; 
Ettwig et al., 2016 
Nitrogen fixation 
N2 + 8H+ + 8e- + 16ATP ® 2NH3 + 







(Zehr et al., 2003) 
(Burris, Roberts, 1993) 
ANAMMOX 




hzs, hzo Candidatus Kuenenia 





(Kartal, Keltjens, 2016; 
Dietl et al., 2015; Jetten 
et al., 2015; Kartal et 
al., 2013) 
 
(Harhangi et al., 2012; 




Fish feed has a high protein content (20-60%) and provides the major input of N into the 
system (Groenveld et al., 2019). Part of the N retains in the fish (Boyd, McNevin, 2014; 
Neori et al., 2007), while the rest is released to the water in the form of total ammonia-N 
(TAN; the combination of NH3 and NH4+), and as organic matter (Neori et al., 2007; 
Timmons, Ebeling, 2013). Fish feed providing energy for assimilation, nutrients for cell 
growth, heat losses, and free energy for metabolism (Lekang, 2013), is normally consumed 
by the fish at in between 1 and 7% of their body weight (Bernstein, 2011). The majority of 
NH3 is excreted across the branchial epithelium through active NH4+ transport (Wilkie, 1997; 
Wilkie, 2002; Evans, 2001; Weihrauch et al., 2009). The passing NH3 is protonated with H+, 
generated from the original dissolved carbon dioxide (CO2), which is permeable within the 
gill of the fish (Ip, Chew, 2010). The second pathway of TAN generation is via urea 
hydrolysis of fish feces (Wongkiew et al., 2017). Since fish produce a high amount of feces 
(total solids generation of about 224 to 585 g/kg of fish), the microorganisms use this as a 
source of organic C (van Rijn, 2013). Additionally, ammonification is also a process of 
generating ammonium from nitrate under anaerobic conditions by heterotrophic bacteria 
(Strock, 2008). Ammonification-related genes are displayed in Table 2. 
1.2.2 Nitrification and COMAMMOX 
Nitrification is based on aerobic oxidation of NH4+ to nitrate (NO3-), via hydroxylamine 
(NH2OH) and nitrite (NO2-) (Hu et al., 2015). This process requires an uptake system to 
import N into cells and the subsequent action of three enzymes: ammonia oxidase (amoA), 
hydroxylamine oxidase (hao), and nitrite oxidase (nxr) (Table 2). The complete oxidation of 
NH3 to NO3- is carried out by the cooperative activities of two physiological groups of 
microorganisms: the ammonia oxidizers (ammonia-oxidizing bacteria (AOB) and archaea 
(AOA)), and nitrite oxidizers (nitrite oxidizing bacteria (NOB)) (Ebeling et al., 2006; 
Gerardi, 2002; Panuvatvanich et al., 2009). Aerobically, AOB (e.g., Nitrosococcus, 
Nitrosomonas, Nitrosolobus, Nitrosovibrio spp.) and AOA oxidize ammonium to nitrite, 
while NOB (e.g., Nitrococcus, Nitrobacter, Nitrospira, Nitrospina spp.) are predominantly 
autotrophs which oxidize NO2- to NO3-. Although AOA do not play a significant role in 
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aquaponic systems, they are more abundant than bacteria in the ocean (Könneke et al., 2005; 
Francis et al., 2005; Wuchter et al., 2006) and soils (He et al., 2007; Schauss et al., 2009; 
Leininger et al., 2006; Prosser, Nicol, 2012), and can also grow chemolithoautotrophically 
(Könneke et al., 2005). 
The complete ammonia oxidation (COMAMMOX, the conversion of NH3 into  NO3-) (Table 
2), was found in members of the genus Nitrospira (Daims et al., 2015; van Kessel et al., 
2015). They are capable to aerobically oxidize ammonia all the way to NO3-, and are well 
adapted to ammonia- and oxygen limited conditions (Kits et al., 2017). The nitrifiers utilize 
NH4+, dissolved CO2 and bicarbonate as N and carbon (C) source for cell assimilation, 
respectively (Wongkiew et al., 2017). They can oxidize ammonia even at low NH4+ 
concentrations, about 2 µg N/L (Martens-Habbena et al., 2009). Van Kessel et al (2015) 
reported that the abundance and activity of nitrifying microorganisms were observed in the 
biofilm of a moving bed biofilm reactor in a recirculating aquaculture system (RAS).  
In aquaponic systems, TAN and NO2- need to be oxidized to NO3-, because they are toxic to 
fish at high concentrations (TAN above 2.9 mg and NO2- above 11 mg N/L) (Rakocy et al., 
2004; Liang, Chien, 2013; Buzby, Lin, 2014). On the other hand, nitrate-N (NO3--N) 
concentrations can be up to 150-300 mg N/L (Graber, Junge, 2009; Hu et al., 2014), without 
stress to fish and plants (Seawright et al., 1998; Sikawa, Yakupitiyage, 2010; Lam et al., 
2015). The overall balance of N in an aquaponic system occurs when N concentration is 
stable which represents the balance between ammonia generation and consumption by plant 
(Wongkiew et al., 2017).  
1.2.3 N uptake by plants 
A well-operated aquaponic system is efficient when high yields of fish and plant biomass 
occur with low amount of N emissions (Wongkiew et al., 2017). Aquaponic plants are 
exposed to different forms of N, which comprise mineral and organic N forms as well as 
gaseous NH3 and N2. The form of N uptake is mainly determined by its accessibility and 
abundance within the system, which make NH4+ and NO3- the most abundant N forms for 
plant nutrition. N mediates transformations between plants and gas loss which is affected by 
the activity of microorganisms on the surface of plant roots, by the presence of C sources for 
microbial consumption, and by the contact time (Buhmann, Papenbrock, 2013). Nitrogen 
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assimilation in plants takes place within the chloroplast where NO3- reduction occurs, and 
NH4+ is assimilated. In aquaponics, plants can assimilate N in the form of NO3-, NH4+ 
(Graber, Junge, 2009; Zou et al., 2016), and small organic molecules. As NO3- is the main 
N source for plant production in aquaponics (Rakocy et al., 2004; Hu et al., 2015), it is not 
fully assimilated by plants when NO3--N concentrations exceed the plant requirements 
(Evans, 2001; Kalcsits, Guy, 2013). The overall N uptake is regulated by high- or low-
affinity transporters and is clearly different between NO3- and NH4+ (Nacry et al., 2013). 
Genes that regulate NO3- uptake and assimilation are low-affinity transporters (Ho et al., 
2009; Wang et al., 2009), while for NH4+ high-affinity transporters play a predominant role. 
1.2.4 Denitrification 
In process of denitrification, NO3- is reduced via NO2-, nitric oxide, and nitrous oxide to 
nitrogen gas (N2) at low oxygen conditions (Bothe et al., 2007) (Table 2). It is a main 
pathway in aquaponic systems contributing to N loss of 25-60% (Hu et al., 2015; Zou et al., 
2016). These transformations are carried out by facultative heterotrophic bacteria and 
various archaea (Hargreaves, 1998; Michaud et al., 2006; Gentile et al., 2007; Lu et al., 
2014). Denitrifying microbes use NO3- as an electron acceptor and utilize dissolved organic 
carbon as an electron donor (Wongkiew et al., 2017). Activity of enzymes involved in N loss 
via denitrification (Lu, Chandran, 2010) are regulated by organic C and anoxic zones 
(Wongkiew et al., 2017). When low dissolved oxygen (DO) condition occurs (< 0.3 mg l-1), 
some heterotrophs are able to perform nitrification and denitrification simultaneously (Chen 
et al., 2012; Zhao et al., 2012; Fitzgerald et al., 2015). For example, Rhodococcus sp. CPZ24 
can transform 85% of supplied NH3 to the products NO3- (13%), biomass (24%) and gaseous 
N2 (48%) (Chen et al., 2012).  
The activity of denitrifying bacteria is dependent on the availability of C, which can cause 
the accumulation of intermediate products or dissimilatory NO3- reduction to NH4+ 
(dissimilatory nitrate reduction to ammonium, DNRA process) (van Rijn et al., 2006; Hu et 
al., 2015). Heterotrophic bacteria utilize dissolved organic C of decayed biomass and fish 
excreta (about 7% of fish feed (Hu et al., 2012) as NH4+ and NO3- which are more dominant 
due to their high growth rate as compared to autotrophs (Ling, Chen, 2005; Díaz et al., 2012). 
They become dominant when organic C or C:N ratio increases, what leads to N loss and 
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excess of microbial biomass in the form of sludge (Zhou et al., 2009; Blancheton et al., 2013; 
Michaud et al., 2014).  
1.2.5 ANAMMOX 
Anaerobic ammonium oxidation (ANAMMOX) is a microbially mediated process in waste-
water-treatment plants (Schmid et al., 2000; Jetten et al., 2015), oxygen-limited reactors 
(Third et al., 2001; Sliekers, 2002) other waste-water-treatment systems (Kuypers et al., 
2006; Hamersley et al., 2007) and fresh water systems (Schubert et al., 2006; Penton et al., 
2006), marine environments (Rysgaard et al., 2004; Dalsgaard et al., 2005; Hu et al., 2011), 
and aquaculture systems (Tal et al., 2006; Lahav et al., 2009; van Kessel et al., 2010; 
Timmons, Ebeling, 2013; Zou et al., 2016) (Table 2). It has been identified to occur 
simultaneously with nitrification (Lahav et al., 2009; van Kessel et al., 2010; Ma et al., 2015). 
In the outer layer of the biofilm where the oxygen-depleted zone is located, anammox 
bacteria combine NH4+ and NO2- to produce N2. This process is an alternative approach to 
N removal via denitrification and it enables complete ammonia removal without carbon 
requirement. It occurs only in a specific group of anammox bacteria, such as Kuenenia, 
Brocadia, Scalindua, Jettenia, Anammoxoglobus, all found in the same order, Brocadiales, 
inside the phylum Planctomycetes (Kartal, Keltjens, 2016; Dietl et al., 2015; Jetten et al., 
2015; Kartal et al., 2013; Harhangi et al., 2012; Wang et al., 2012). 
1.2.6 N-fixation 
Nitrogen fixation is a key microbial process for maintaining a balanced nitrogen cycle 
(Maier, 2004). Atmospheric N is settled in the system through the process of N-fixation 
(Zehr et al., 2003) by free-living-N-fixation bacteria, such as Clostridium pasteurianum 
(Zinoni et al., 1993), Rhodobacter capsulatus (Hoffmann et al., 2014), Anabaena variabilis 
(Kentemich et al., 1988; Thiel, 1993) Rhodospirillum rubrum (Lehman, Roberts, 1991; 
Davis et al., 1996) Heliobacterium gestii (Kimble, Madigan, 1992), Azospirillum brasilense 
(Chakraborty, Samaddar, 1995), or Phytobacter diazotrophicus (Zhang et al., 2008). 
Bacteria that possess the multi-subunit nitrogenase can reduce N2 to ammonia (Eady, 1996). 
This respiratory activity occurs inside the cell in nearly anaerobic conditions (Zehr et al., 
2003). N-fixing bacteria use a redox active iron-sulfur protein that binds to and protects 
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nitrogenase from oxygen inactivation (Bothe et al., 2010). It is known that certain bacteria 
provide ammonia in exchange for carbohydrates from the plant (Martinez-Perez et al., 2016), 
which increases the nitrogen supply in the aquaponic system.  
1.3 Factors affecting N transformations 
The most important N microbial-mediated transformations in aquaponic systems are 
influenced by biotic and abiotic factors. There are concerns on plant N supply and system N 
losses by denitrification. All N processes can be affected by pH, dissolved oxygen, ammonia 
and nitrite concentration, C:N ration, and hydraulic loading rate (Wongkiew et al., 2017).  
In aquaponic systems, pH is the main factor used to control microbial activities for the 
metabolism of the fish metabolism and N availability to plants (Taiz, Zeiger, 2003; Kuhn et 
al., 2010; Zou et al., 2016). The biological NH4+ oxidation to NO2- increases when pH is 
elevated from 6.4 to 9.0 (Ruiz et al., 2003). Zou et al., 2016 reported that under acidic pH 
conditions N2O emissions are higher than under neutral conditions because functional genes 
such as amoA, nirS, nirK, norB are inhibited. To adjust pH, potassium hydroxide (KOH) or 
calcium hydroxide (Ca(OH)2) are added (Rakocy et al., 2004) to supply nutrients for plant 
production or by using calcium bicarbonate (Ca(HCO3)2) or any other weak bases (Rakocy 
et al., 2004). 
Secondly, electrical conductivity (EC) is commonly used for hydroponics to measure the 
total amount of nutrient salts in the water, in units of microSiemens per centimeter (µS cm-
1). EC meter does not provide a precise reading of the NO3- levels, which is more efficiently 
measured with N test kits. Vegetable production can be affected if sourcing water has EC 
more than 1500 µS cm-1 (Somerville et al., 2015). 
Moreover, dissolved oxygen (DO) can decrease around the roots of plants and in aquaculture 
tanks (Hagopian, Riley, 1998), because of the activities of nitrifiers, heterotrophs and fish. 
In aquaponics, low DO concentration can contribute to N loss by denitrification (Wongkiew 
et al., 2017). The activity of AOB were reduced when DO was below 4 mg l-1, while NOB 
decreased below 2 mg l-1 (Kim et al., 2005). To maintain the activity of well operated 
aquaponic system and to avoid the stress to plants and fish, DO should be above 1.7 mg l-1 
in biofilters (Ruiz et al., 2003), and 5 to 6 mg l-1 in fish tanks and grow beds (Bernstein, 
2011; Rakocy, 2012). 
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Hydraulic loading rate (HLR) is also one of the main factors that affect operating an 
aquaponic system. It is defined as the optimum contact time of nutrients and microbes in 
aqueous phase with plant roots (Li et al., 2009). While low HLRs result loss of N leading to 
oxygen deficiency (Wongkiew et al., 2017), high HLRs reduce the contact time between 
aquaculture water and plants root and also remove all microorganisms attached on biofilters 
(Endut et al., 2010; Prehn et al., 2012). 
N is transformed into high microbial biomass or N gas via denitrification (Wongkiew et al., 
2017). High carbon to nitrogen (C:N) ratio decrease the nitrification efficiency and thus the 
activity of nitrifiers because the growth rate of nitrifying microbes is lower than that of 
heterotrophs (Ebeling et al., 2006; Michaud et al., 2014). In addition, C:N ratio also affect 
N emissions and N availability for plant uptake. Heterotrophic microorganisms lower the 
DO in biofilters which lead to N loss (Wongkiew et al., 2017). High TAN and NO2- are toxic 
to fish and inhibit the nitrifying microorganisms, especially NO2- in concentration of 27 mg 
l-1 because reduces the ammonia oxidizing rate, and the oxygen ability for cell respiration 
(Hargreaves, 1998).  
Generally, low temperatures increase the reliance of plants on NH4+ as mineral source 
(Haynes, Goh, 1978). Ammonification is less temperature sensitive than nitrification leading 







2 AIMS OF THIS STUDY 
The aim of the projects at Zürich University of Applied Sciences (ZHAW) is to confirm the 
semi-quantitative data of the metagenomics approach for specific populations of bacteria and 
archaea involved in N-cycling. Here, we limited ourselves to the development of qPCR assays 
and testing these on a single time point within a running aquaponics operation. 
Pathways of microbial N transformations for improving N utilization efficiency in aquaponics 
systems were evaluated by the important processes of bioconversion and N loss. Therefore, 
this project aims at advancing our understanding of all N processes and how this knowledge 
can be used to design and operate an efficient aquaponic system. Determining the microbial 
community structures and functional potentials can enhance our ability to understand the 
microbial processes, which contribute to decreasing pollution. A more detailed knowledge of 
N cycle will allow us to develop innovative and more efficient agricultural practices and N 
removal processes (Coskun et al., 2017; Fowler et al., 2013; Gruber, Galloway, 2008). Since 
N cycling reflect ecosystem inputs and outputs of the metabolic activity of microbiota, a 
reliable set of reference genes for gene quantification was established. With the use of 
quantitative polymerase chain reaction (qPCR), samples were tested from different 
compartments of aquaponic system. We identified bacterial populations possessing the 
functional N-genes: nitrification (amoA, hao, nxrB), denitrification (napA, narG, nirK, nirS, 
norB, nosZ clade I and II), anammox (hzs, hzo), N-fixation (nifH), ammonification (gdh, ureC). 
Thus, we examined the distribution of N-cycling genes across the system by calculating the 
copy number (the number of copies of a gene in the genome of an organism) of bacterial and 
archaeal populations by comparing them to the 16S rRNA copy numbers. 
HYPOTHESES 
1. Dependent on the conditions in the different compartments of an aquaponic system 
(biochips (BF), digested sludge (DS), fish tank surface (FT), plant roots (RO), the 
relative copy number of bacterial populations and/or genes involved in nitrogen cycling 
vary. 
2. Anaerobic microorganisms and enzymes responsible for anaerobic N transformations 
will be detected in the anaerobic reactor. 
3. The abundance of complete-ammonia-oxidizing bacteria is higher than that of nitrite 







3.1 Aquaponic system design and operation 
The study was conducted under authorization of Veterinary office of Kanton Zürich 
(Switzerland), no. ZH020/17. The aquaponic system (Figure 3) was installed in a foliar 
greenhouse, covering a total of 270 m2, and consisted of three identical experimental 
recirculating aquaponic systems (A, B, C) with a total water volume of 4.3 m3 each. The 
aquaculture unit was stocked with tilapia and composed of a fish tank (FT), a drum filter (solids 
removal unit), a radial flow settler (RFS – solids thickening unit), a moving bed biofilter (BF) 
containing biochips (one third of its volume), an UV disinfection unit (UV), and an 
oxygenation (O2) cone. Hydroponic unit consisted of one hydroponic table (HT) and a water 
collecting sump (SU) connected to the aquaculture unit. Each hydroponic table housed a 
floating raft on the thin water layer and was stocked with lettuce. The system was 
complemented with an anaerobic digester (AD) where settled solids from RFS (7 L per 
exchange) were put three times per week. Seven liters of supernatant per exchange was put 
back to the RFS. 
To ensure constant water level in the system, fresh water entered the system via a mechanically 
controlled water valve, and analogue water counter. Suspended solids were removed from 
recirculating tank using rotating drum filter HDF501–1P (Hydrotech AB, Vellinge, Sweden) 
with a 60 µm mesh, through which water was flowing and the suspended solids were retained 
on the screen. Water from the drum filter was continuously flowing into a moving bed biofilter 
(IBC Tank 1000 L with Gea biocarrier media). Within biofilter, a constant temperature of 
27 ± 2°C was maintained using a heating and cooling element. A circulation pump (a flow of 
5 m3 h-1) was pumping water from the biofilter through UV disinfection unit (UltraAqua, 
Aalborg Øst, Denmark) and oxygenation cone (LINN Gerätebau GmbH, Lennestadt-Oedingen, 
Germany) back to the fish tank. To provide an initial water supply, water was flowing through 
computer-controlled valve (B) which was open for 1 min every 5 min. Since there should be a 
constant water level in the sump, the aquaculture unit was connected to the hydroponics via a 
water level sensor-controlled pump (Bauhaus, Belp, Switzerland) which was pumping water 
back to the fish tank. From the sump, water was pumped with 0.36 m3 h-1 to the floating raft 







Figure 3: The three aquaponic systems of the Zürich University of Applied Science (ZHAW). 
Slika 3: Akvaponični sistem Univerze uporabnih znanosti v Zürichu (ZHAW).  
During the automatically regulated drum filter rinsing, small volumes of water containing 
solids, fish feces, and residues of fish feed were removed through a cleaning channel to the 
RFS. Settled sludge was manually removed to the anaerobic digester following internal 
standard operating procedure (SOP). Solid-free water from the RFS was returned via piping as 
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manually to the RFS, which returns water full of nutrients back to the main water loop of the 
system. 
3.1.1.1 Monitoring and System Control  
The aquaponic system was equipped with various features, such as sensors that serve to 
optimize plant and fish yields. The greenhouse climate was controlled by using Master Clim 
software (Anjou Automation, Mortagne-sur-Sèvre, France). In the greenhouse, the heating 
started if the temperature was below 16°C (during day), or below 14°C (during night). The roof 
started opening at temperatures above 20°C. The aquaponics system was connected to sensors 
monitoring system water, which were logged in every 15 min by operating system (LINN 
Gerätebau GmbH, Lennestadt-Oedingen, Germany). To maintain a temperature of water 
around 27 ± 2°C, a heat exchanger was installed. Beside continuous measurements of 
temperature, electrical conductivity, pH and dissolved oxygen by sensors, weekly 
measurements with handheld Hach Lange Multiprobe were done to check if the sensors are 
working appropriately. The aquaculture N rich water was weekly analyzed for ammonium-N 
(NH4+-N), nitrate-N (NO3--N), and nitrite-N (NO2--N) with Hach Lange LCK tests (Hach 
Lange GmbH, Germany) and a DR3800 VIS Spectrophotometer (Hach Lange GmbH, 
Germany). 
3.2 Sample collection 
Samples for the microbial analyses were collected in calendar week 38, 2017 (17.09 - 
23.09.2017) of the aquaponic system of the Zürich University of Applied Science (ZHAW). 
The system was stocked with Nile Tilapia (Oreochromis niloticus, pink strain, Til-Aqua 
International, the Netherlands) and lettuce (Lactuca sativa, oak leaf variety Kiber, Rijk Zwaan, 
De Lier, The Netherlands). Samples were collected from eight sampling points of different 
compartments of the system: biofilter (BF), digested sludge (DS), fresh sludge (FS), fish feces 







The biofilm (periphyton) from the fish tank side walls was taken using a cotton swab. Biochips 
(GEA, 2 H Random Media Typ BCN 011, size 11 mm, black polypropylene) from the moving-
bed biofilter were removed with a pincer. The sample of lettuce roots were collected by cutting 
a few hairy roots from three random lettuce plants from each replicate system. Furthermore, 
fish were caught and anesthetized and the sample for the fresh feces was stripped directly from 
the gut. Sludge samples were taken from the anaerobic digestor. Biofilm and sludge samples 
were placed into 2 ml Eppendorf tubes, samples of lettuce roots and biofilter were placed into 
a 50 ml Falcon tube. All samples were transferred to the laboratory, kept frozen at -20°C.  
3.3 Sample preparation 
Sample preparation is a key step in producing high quality nucleic acids suitable for 
Polymerase Chain Reaction (PCR). Samples of periphyton were stored in 2 ml tubes, biochips 
and lettuce roots were obtained by adding 50 ml sterile ultrapure water to the tube, vortexing 
for 2 min, followed by 5 min in an ultrasonic bath (Sonorex; Baudelin), and after that removed 
with a pincer and centrifuged at 5000 rpm for 10 min (Centrifuge 5430, Vaudaux-Eppendorf 
AG, Schönenbuch, Switzerland). Sludge samples were first centrifuged at 5000 rpm for 15 min 
(Centrifuge 5430, Vaudaux-Eppendorf AG, Schönenbuch, Switzerland) and then filtered. The 
pellets were used for DNA extraction. 
3.4 Sample analysis 
3.4.1 DNA extraction 
DNA from all samples was extracted using the DNeasy PowerSoil Kit (Qiagen, Venlo, The 
Netherlands) according to manufacturer's instructions with some following changes: instead of 
0.25 g soil sample, a pellet with added homogenization buffer was transferred to the glass bead 
tubes, the FastPrep™24 (MP Biomedicals, Irvine, California, United States) was used for 
homogenization and cell lysis (speed 4 m s-1, time 45 s). After extraction, the samples were 






Genomic DNA from pure cultures were prepared from tissue using NucleoSpin® Tissue kit 
(Macherey-Nagel AG, Oensingen, Switzerland). The protocol was used as described by the 
manufacturer. Three pure cultures, Phytobacter diazotrophicus DSM 17806, Pseudomonas 
protegens CHA0, and Bacillus sp. CCOS 866 were used as an internal control. Phytobacter 
diazotrophicus is a gram negative, facultative anaerobic and non-spore forming model 
organism from genus Phytobacter on the basis of endophytic bacteria isolated from wild rice 
(Oryza rufipogon). It was used because is able to convert N2 to NH3 using nitrogenase complex 
and reduce NO3- to NO2- (Zhang et al., 2007). Pseudomonas protegens CHA0 as a gram 
negative free-living eubacteria isolated from tobacco roots in Switzerland has an ability to fix 
N and protect plants from soil-borne phytopathogens. As a third positive control, a model 
organisms for studying the denitrification process (Zumft, 1997; Lalucat et al., 2006), gram 
positive, aerobic, spore forming Bacillus sp. CCOS 866 from genus Bacillus spp. was used. It 
has a very large ribosomal 16S diversity with no pathogenic potential. All the cultures with 
positive amplification for the N related genes carrying a target of interest were used to 
determine optimal qPCR conditions. 
3.5 Quantitative PCR 
3.5.1 Pretests 
Microbial nitrogen cycling gene abundance was investigated by quantitative real-time 
polymerase chain reaction (qPCR) targeting specific genes. Quantitative PCR allows 
quantification of any double-stranded DNA sequence (Klein, 2002). Real-time PCR products 
are detected via the generation of a fluorescent signal (Mackay, Landt, 2007). SYBR Green 
was used as a marker, which emits prominent fluorescent signal when bound to double-
stranded DNA. Real-time qPCR was performed on a LightCycler® 480 Instrument II (Roche 
Diagnostics, Rotkreuz, Switzerland). 
DNA obtained from the nucleic acid extractions were used as a template. Samples from 
different compartments were prepared with the same concentration of 5 ng μl-1. Bacterial and 
archaeal communities were targeted via 16S rRNA genes, while other bacteria and archaea for 






cycling processes were investigated: nitrification (amoA, hao, nxrB), denitrification (napA, 
narG, nirK, nirS, norB, nosZ clade I and II), anammox (hzs, hzo), N-fixation (nifH), and 
ammonification (gdh, ureC). 
Reactions for qPCR were performed in 10 μl reaction volumes (Table 3). Two microliter 
templates were added into each well of the 96-plate. 
Table 3:The qPCR Mix for one 10 µl reaction based on SYBR Green I 
Tabela 3: Reakcijska zmes kvantitativne PCR za eno reakcijo volumna 10 µl na osnovi SYBR 
Green I 
Reagent Volume for one qPCR Reaction (µl) 
ddH2O 2.0 
5 µM Primer-Mix (forward and reverse) 1.0 
SYBR Green PCR master mix (Qiagen) 5.0 
Template (0.5 ng μl-1 or 2.5 ng μl-1) 2 
Total Volume 10.0 
 
A pre-test was performed with different concentrations of template (0.5 ng μl-1 or 2.5 ng μl-1) 
in a cycling protocol for LightCycler® 480 (Table 4). Samples from different compartments of 
aquaponic system (biofilter, digested sludge, fish tank surface, plant roots) were used and 
always measured in duplicate. Primers for the amplification of genes involved in N cycle are 
listed in Table 17. Primer specificity were evaluated by comparison of primer sequences to the 
NCBI Gene database using Primer-BLAST.  
Table 4: Cycling protocol for use with LightCycler® 480 Instrument multiwell plate 96 
Tabela 4: Protokol temperaturnih ciklov kvantitativne PCR z uporabo mikrotitrske plošče z 
96 mesti v napravi LightCycler® 480 
Step Temperature (°C) Duration (s) Cycles 
Initial denaturation 95 300 1 
Denaturation 95 30 
45 Annealing 55 20 
Extension 72 30 






The dilution of PCR products with 50 μl of distilled water was performed to minimize pipetting 
errors and to reduce inhibitors and other interfering substances. Reactions for polymerase chain 
reaction were prepared as shown in Table 5. 
Table 5: The PCR Mix for one 12.5 µl reaction based on KAPA Robust 
Tabela 5: PCR reakcijska zmes za eno reakcijo volumna 12.5 µl z uporabo KAPA Robust  
Reagent Volume for one PCR Reaction (µl) 
ddH2O 2.75 
5 µM Primer-Mix 2.5 
Polymerase KAPA Robust 6.25 
PCR Template 1 
Total Volume 12.5 
 
One microliter template was added to each of the strips. Samples were measured in duplicate. 
PCR was performed in a PCR machine (Labcycler PCR, SensoQuest, Applied Biosystems) 
with thermocycling protocol (Table 6). 
Table 6: Cycling protocol for Labcycler PCR, including steps with the corresponding 
temperatures (℃), time durations (min or s) and cycles 
Tabela 6: Protokol temperaturnih ciklov z uporabo naprave Labcycler PCR s prikazanimi 
ustreznimi temperaturami (℃), reakcijskimi časi (v sekundah) ter cikli 
Step Temperature (°C) Duration (s) Cycles 
Initial denaturation 95 180 1 
Denaturation 95 15 
35 Annealing 55 15 
Extension 72 15 
Final extension 72 60 1 
 
After each pretest in the molecular biology laboratory at ZHAW, gel electrophoresis was done 
to determine the fragment size as described in EGSB specific protocol of Institute for Natural 
Resource Sciences (ZHAW) and Green, Sambrook (2012). To confirm the specificity of each 






gel to check if all oligonucleotides amplified their corresponding targets. Electrophoresis was 
carried out first 5 min at 30 V, and 30 to 45 min at 90 V. Since environmental samples are 
complex and may contain inhibitory substances that are not present in standards, PCR 
efficiency can be reduced (Schrader et al., 2012). Primer sets might produce unspecific 
products when applied to complex environmental samples of high microbial diversity. Thus, 
melting curve analysis was performed to confirm the formation of expected PCR amplified 
products (Zhang, Fang, 2005; Bischoff et al., 2005). For all successfully amplified primer sets, 
a clean-up of the PCR products was done by manufacturer’s instructions (Figure 4) using the 
Macherey-Nagel PCR purification Kit. 
 
Figure 4: Protocol of Clean-up of PCR products 
Slika 4: Shematski prikaz postopka Clean-up za PCR produkte 
To measure the quantity of DNA, reactions and measurements were performed in 96-well flat 
bottom plates (COSTAR, 3370) using Synergy™ HTX Multi-Mode Microplate Reader and 
Quant-iT PicoGreen® reagent. Briefly, 2 μl of standard was added to the respective spots of 
the plate. The diluted solution of PicoGreen reagent was loaded to each well. The blank 
consisted of TE Buffer reacted with PicoGreen working reagent (1 μl of sample, 99 μl of TE 
1X). Standards were measured in duplicate. The standards for each target gene were obtained 
using 10-fold serial dilution of PCR products amplified from reference DNA. Standard curve 
samples were tested only as single reactions, as duplicate dilution series were prepared. 
Amplification efficiencies were calculated from the slopes of the standard curves according to 
the equation (Rasmussen, 2001):  
 Amplification efficiency = 10(- 1/slope) (1) 
The efficiency of the qPCR targets and reference amplicons is defined as the fraction of target 
molecules that are copied in one PCR cycle (Lalam, 2006; Alvarez et al., 2007) and should be 












of base pairs of the nucleic acid, the average molecular mass of a base pair in double-stranded 
DNA (660 Da) and the measured DNA concentration in μg ml-1, using the following equation 
(Whelan et al., 2003):  
 




For each qPCR reaction, duplicated dilutions of individual standard were used to cover the 
range of possible results (1 × 108 copies μl-1 and further diluted by 10-fold until 10-100 copies 
μl-1). 
3.5.2 Gene quantification 
All following steps in the protocol were performed at the Genetic Diversity Center of the Swiss 
Federal Institute of Technology (ETH) in Zürich (Switzerland). 
3.5.3 dsDNA Qubit assay measurement 
Double-stranded DNA (dsDNA) of templates was measured with the Qubit Fluorometer 
(Spark® Multimode Microplate Reader) using dsDNA BR Assay kit (Q32853). The provided 
concentrated assay reagent, dilution buffer, and pre-diluted DNA standards with the added 
volume per sample are shown in Table 7. In a 384-well plate a reaction mixture was added in 
the volume of 50 µl per well. The quantification range of measurements was from 2 to 1000 
ng. The reagents were diluted using the buffer provided (Table 7). After the added samples, the 
concentration of assays using the Qubit Fluorometer was read. 
Table 7: Measurements using the Qubit Fluorometer 
Tabela 7: Meritve s pomočjo fluorometra (Qubit) 
Reagent Volume per reaction (µl) 
Dye (Qubit dsDNA BR Reagent) 2.5 









Once the concentration of samples was measured, the dilution to the desired concentration (5 
ng µl-1) of all samples were done using pipetting robot in a Liquid handling Station (LHS) 
(BRAND, Cat. No. 709402). With the predefined transfer commands of pipetting and correctly 
placed labware in the required places in the LHS, samples were automatically diluted using 
robot pipetting. 
3.5.3.1 Preamplification of dsDNA and Clean up 
To ensure that quantification was not influenced by eventual primer-dimer formation, and to 
enhance amounts of initial DNA template, pre-amplification was used. Pre-amplification 
reactions were prepared using TaqMan PreAmp Master Mix, each primer mix (500 nM, diluted 
in DNA suspension buffer), and DNase-free water (Table 8).  
Table 8: The preparation of reactions for pre-amplification 
Tabela 8: Priprava reakcijske zmesi za postopek predhodne amplifikacije 
Component Volume Per 
Reaction (µl) 
Vol. For 96 
Reactions (µl) 
2X TaqMan PreAmp Master Mix (Life 
Technologies PN 4391128) 1.0 105.6 
Primer Mix (500 nM) 0.5 52.8 
Dnase-free water 2.25 237.6 
DNA Sample 1.25 - 
TOTAL 5.00 - 
 
Multiplex PCR runs with dsDNA template in the 96-well plate with 5 μl of total volume of 










Table 9: Cycling protocol of preamplification, including steps with the corresponding 
temperatures (℃) and time durations (s) 
Tabela 9: Protokol temperaturnih ciklov predhodne amplifikacije s prikazanimi ustreznimi 
temperaturami (℃) ter reakcijskimi časi (v sekundah)   
Cycles Temperature (℃) Time (s) 




Hold 4 ∞ 
 
PCR CleanUp (Table 10) were followed by using the manufacturer's instruction. Clean Up of 
reactions with Exonuclease I was prepared in a DNA PCRHood by adding 2 ul of diluted Exo 
I to each 5 ul preamplification reaction (Table 10).  
Table 10: Clean-up run protocol 
Tabela 10: Protokol postopka Clean-up 
Component Per 5 µl Sample (µl) 96 Samples (µl) 
Dnase-free water 1.4 168.0 
Exonuclease I Reaction Buffer (New England 
BioLabs® 0.2 24.0 
Exonuclease I, 20U/uL 0.4 48.0 
Total 2.0 240.0 
 
The plate was resuspended by vortexing for 5 s and centrifuged at 1000 × g for one minute and 
run following the manufacturer’s protocol (Table 11). 
Table 11: Cycling protocol for Clean-up reactions, including steps with the corresponding 
temperatures (℃) and time durations (min) 
Tabela 11: Protokol temperaturnih ciklov postopka Clean-up s prikazanimi ustreznimi 
temperaturami (℃) ter reakcijskimi časi (v minutah)  
Step Temperature (℃) Time (min) 
Digest 37 30 
Inactivate 80 15 







3.5.3.2 Quantitative PCR with the 192.24 IFC 
The Biomark™ HD System was used to perform quantitative PCR (qPCR) analysis on 192-24 
Gene Expression IFC – nanofluidic chips containing fluidic networks that automatically 
combine sets of samples with sets of assays. Prior to the Biomark System, the Juno™ universal 
controller was used for loading and thermal cycling of assay-samples mixes. Reactions 
contained 100 μM of each primers (forward and reverse combined), preamplified and Exo I-
treated dsDNA, 2X Sso Fast EvaGreen Supermix with low ROX™, 192.24 Delta Gene Sample 
Reagent (Table 12).  
Table 12: The preparation of 10X Assays for the gene expression with the 192.24 IFC 
Tabela 12: Priprava reakcijske mešanice standardov za postopke izražanja genov z uporabo 
192.24 IFC čipa 
Assay mix component  Volume Per Reaction (µl) 
100 µM each primer (forward and reverse) 0.15 
1X DNA suspension buffer 1.35 
2X Assay Loading Reagent 1.5 
TOTAL 3.0 
 
The SsoFast EvaGreen was combined with the 192.24 Delta Gene Sample Reagent (Table 13) 
and vortexed and spin down the sample pre-mix.  
Table 13: Preparation of sample pre-mix and samples for the gene expression with the 
192.24 IFC 
Tabela 13: Priprava vzorcev za postopek izražanja genov z uporabo 192.24 IFC čipa 
Component Volume Per Reaction (µl) 
2X SsoFast EvaGreen Supermix with low ROX (Bio-Rad) 1.5 
192.24 Delta Gene Sample Reagent 0.15 
Preamplified and Exo I-treated dsDNA 1.35 
TOTAL 3.0 
 
An aliquot of 5.5 µl of reagents and 4.5 µl of sample was added to each well of a 96-well plate. 






Reactions were assembled on a 384-well PCR plate. The plate was placed in the Juno™ and 
then onto the Biomark™ System. All PCR reaction were run in duplicates as shown in Table 
14. 
Table 14: Cycling protocol for qPCR with 192.24 IFC for Biomark™ System 
Tabela 14: Protokol temperaturnih ciklov kvantitativne PCR z uporabo 192.24 IFC čipa v 
napravi Biomark™ System 
Step Temperature (°C) Duration (s) Cycles 
Initial denaturation 95  60 1 
Denaturation 96 5 
40 Annealing 55  10 
Extension 60 20 
Final extension 60 180 1 
3.5.4 Calculating gene copies from qPCR amplifications 
To determine the PCR efficiency, qPCR standards for each molecular target were obtained 
using a 10-fold serial dilution of bacterial and archaeal target gene. A plot of the Ct values 
versus the logarithm of the target concentrations was constructed. An ideal slope for a 10-fold 
dilution series should be -3.32 for 100% PCR efficiency, meaning during the exponential 
amplification two copies from every available template were generated with each cycle (Lalam, 
2006; Svec et al., 2015). The slope defining function was also used to calculate the copy 
number in of unknown samples. This was done to compute the amount of template of an 
unknown sample from a known amount of linearized DNA standards. However, the logarithm 
of the unknown copy number x was calculated by putting the observed Ct value (threshold 
cycle: the number of amplification cycles required to reach a signal threshold) into the Equation 
(3) (Green, Sambrook, 2012):  
 x = (=7	–	?67:@):+7)	A/*+:   
(3) 
Concentrations of measured standards were first converted to copy numbers μl-1 and then 
transformed to log (copy number) for subsequent analysis. A standard curve was generated 






and archaea in the samples from different compartments of the aquaponic system were 
determined by comparison to the total number of 16S rRNA. Through the calculation of log 
(copy number) in the samples, accurate copy numbers were calculated for each unknown 
sample.  
3.5.5 Statistics 
All the data were analyzed using statistical packages implemented in RStudio version 1.2.5033. 
Using log transformed Ct values, analysis of variance (one-way ANOVA) was used to compare 
efficiency and performance of each used standard. Quantitative qPCR-based data were 
visualized with heatmap constructed in the R statistical language (R Core Team, 2014) by 
implementing functions from the libraries dplyr, ggplots, RColorBrewer, BiocManager, 
HTqPCR, stats. Calculations were done using packages Biobase, BiocGenerics and parallel 
from library HTqPCR. Hierarchical clustering was performed using the pheatmap package 
(Wang et al., 2014) to test the abundances of genes between the compartments. For the 
assessment of gene abundances, we compared the samples using the signed-rank Wilcoxon and 
Kruskal-Wallis test to identify significant differences of abundant taxa between the 
compartments in systems (A, B, C). Moreover, the relationships between NH4+-N, NO2--N, 
NO3- -N and water temperature, pH, EC and DO were determined with Pearson’s correlation 
analysis using Hmisc package in R (Harell, 2016) to test whether 16S rRNA or specific N gene 









In this study, a single sample set from September 17th to 22th, 2017 was taken in the aquaponic 
system at ZHAW, Wädenswil. Samples for molecular analyses were frozen until analysis 
which were performed from March to June, 2019. 
4.1 Primer pretests 
Whereas previous studies on the aquaponic system at ZHAW, Wädenswil gave a first 
impression on the bacterial (Schmautz et al., 2017, Schmautz et al., in preparation) and archaeal 
(Schmautz et al., in preparation) communities, a quantification of N-functional genes was 
performed in a single setting. For this reason, we tested primer sets for different process 
involved in N cycle to amplify N genes from a range of N bacterial and archaeal species (Table 
17). Initial pretests were done in the EGSB molecular biology laboratory (ZHAW, Wädenswil) 
and follow-up tests at GDC (ETH, Zürich). The results of pretests (Table 16) done with 
quantitative qPCR were merged and the primer sets sorted into different groups: gene correctly 
amplified (+), gene not correctly amplified or non-specific band (–), not needed for our study 
(NN), not tested (NT), used for the final analysis (A). Analysis of the PCR products on agarose 
gel and primer pair specificity using Primer-BLAST of all obtained sequences of selected 
primer sets confirmed the size and origin of all sequences.  
We tested and validated 48 qPCR primer sets to detect N genes (Table 16). All primers had an 
average GC content between 40 and 60% with 3’ of a primer ending to minimize non-specified 
primer annealing. In the first step, 30 primer pairs correctly amplified PCR amplicons of the 
expected size and were used (marked with green in Table 16) for the further primer testing, 
while the remaining 18 primer sets were left untested. Within the selected 30 primer sets, 14 
of them did not amplify the corresponding target (Table 16) and/or did not show a single 
amplified product on gel (Figure 15). The remaining 16 primer sets produced amplified 
products (Table 16) of given size with no primer-dimer formations, as determined from agarose 
gel electrophoresis (Figure 15).  
Due to several incorrectly amplifying primer sets in the first step, lower template concentration 






in Table 16). We tested 23 primer sets (marked with yellow in Table 16) that did not amplify 
their corresponding target genes (Figure 16) in the first step. Primer sets that were successful 
in the second step (Table 16) generated a clear single product (Table 16). The tested primer 
sets in the third step were provided to include all functional genes that are involved in the N 
cycle. In the following step, 10 primer sets (marked with orange in Pretest 3 in Table 16) 
correctly amplified the target, showing a single band (Figure 17) while primer set nxrB-
1F/nxrB-1R did not correctly amplify (Figure 17). In the fourth test (Pretest 4 in Table 16), a 
check was performed whether bands which aligned on the gel (Figure 18) did in fact represent 
the corresponding target. The amplification products obtained with the tested primer sets 
produced expected PCR products observed as visible bands (Figure 18).  
Pretests at GDC were performed using SsoFast EvaGreen® instead SYBR Green®, because 
SYBR Green it is not compatible with Fluidigm IFCs. It was observed that EvaGreen® as a 
spectrally similar dye showed higher sensitivity, so all downstream analysis was done using 
SsoFast Eva Green. Primer sets (marked with purple in Table 16) were tested to see a difference 
between with or without preamplification before qPCR reactions. This pretest confirmed that 
preamplification was not needed for assays since pre-amplified and non-pre-amplified 
reactions resulted no systematic differences, whereas for all samples preamplification was 
included to increase the initial concentration of a specific target in a sample providing enough 
pre-amplified material to analyze all targets.  
Primer sets that were used for further analysis with the 192.24 IFC showed correct product 







4.1.1 Establishment of a standard curve to evaluate efficiency  
Standard curves were used to determine the reaction efficiencies for the quantitative analysis 
of N-genes involved in the N cycle. The slope of each standard was between -3.32 and -5.0 
(see slope in Table 15). Evenly spaced amplification curves produced a linear standard curve 
with 90% to 110% reaction efficiency (Table 15). R2 values of standard curves representing 
the linearity of the data, almost all values perfectly fitted the regression line (see R2 in Table 
15). A difference in observed Ct values between replicates lowered the R2 value (Table 15). 
The omission of points at both ends of the linear phase of the standard curve (still at least four 
dilutions for each primer set) was used to obtain an acceptable efficiency (slope) and R2 value 
and defined the dynamic range of copy numbers for each primer pair with the respect to sample 
dilution. Of all 48 primer sets tested, 16 showed good linearity over a wide dynamic range from 
1 x 108 copies all the way down to a nominal one to ten copies, and shown a sufficient 







Table 15: The qPCR reaction efficiencies for each primer set, quality of the standard curve and determination of the detection range. Each 
sample was replicated twice in the same run 
Tabela 15: Učinkovitost qPCR reakcij za vsak oligonukleotidni začetnik s pomočjo umeritvene krivulje ter določitev območja zaznavanja. Vsak 
vzorec je bil podvojen v vsakem ciklu. 
Primer set Slope R² Intercept Efficiency Number of points Sample Detection Range Min Copy Number Max Copy Number 
16S rRNA Bacteria -3.3 0.836 43.12 2.0 4 (Figure 19) FT 1.07E+04 1.07E+08 
16S rRNA Archaea -3.5 0.999 41.38 1.9 3 (Figure 19) DS 1.55E+03 1.55E+08 
amoA Nitrosomonas -3.3 0.986 35.19 2.0 3 (Figure 19) BF 3.56E+02 3.56E+08 
amoA Nitrospira -3.4 0.752 46.34 2.0 4 (Figure 19) BF 1.47E+02 1.47E+06 
amoA Comammox -3.3 0.992 31.11 2.0 7 (Figure 19) BF 3.65E+01 3.65E+08 
amoA Total AOB -3.7 0.941 35.35 1.9 3 (Figure 19) BF 2.97E+02 2.97E+07 
amoA Total AOA -3.3 0.949 32.53 2.0 5 (Figure 20) FT 1.75E+01 1.75E+05 
hao -3.3 0.671 34.34 2.0 5 (Figure 20) DS 4.29E+01 4.29E+05 
Nitrospira nxrB -3.3 0.997 32.56 2.0 5 (Figure 20) BF 2.46E+01 2.46E+06 
narG -3.4 0.939 32.37 2.0 5 (Figure 20) DS 9.12E+02 9.12E+07 
napA -3.3 0.995 32.29 2.0 4 (Figure 20) DS 4.24E+04 4.24E+08 
nirS -4.2 0.982 37.37 1.7 6 (Figure 20) DS 4.76E+00 4.76E+07 
nirK -3.6 0.999 35.91 1.9 4 (Figure 21) DS 1.89E+02 1.89E+08 
norB -3.3 0.986 31.58 2.0 5 (Figure 21) FT 2.11E+02 2.11E+05 
nosZ -3.3 0.821 39.96 2.0 5 (Figure 21) DS 5.77E+02 5.77E+05 
nifH -3.3 0.879 35.67 2.0 6 (Figure 21) DS 7.88E+02 7.88E+07 
hzs -3.5 0.999 50.17 1.9 3 (Figure 21) BF 1.35E+03 1.35E+08 






4.2 Gene abundances of functional genes involved in N cycle  
We assessed the abundance of N functional genes (Table 15) affiliated with six major pathways 
(nitritation, nitratation, COMAMMOX, denitrification, ANAMMOX, N-fixation). The 
detection was based on quantitative analysis, as indicated by the each specific gene for each 
process in Figure 5. For the amoA gene we had different primer sets for this target: bacterial 
(amoA Nitrosomonas, amoA Nitrospira, COMAMMOX amoA) and archaeal amoA. Other 
genes that were used to quantify N targets were nxrB for nitrite oxidizers, narG, napA, nirS, 
nirK, norB, nosZ for different groups of denitrifiers, nifH for N-fixing bacteria, and hzs for 
anammox bacteria (Table 2). Based on Schmautz et al. (in preparation), we emphasize the role 
of these processes in the aquaponics systems by dividing the N microbial transformations into 
processes occurring under aerobic and anaerobic conditions (Figure 5). To visualize how the 
functional gene composition differs across the compartments of aquaponic system, heatmaps 







Figure 5:Heat map of the most abundant 16S rRNA gene and N functional genes from combined systems (A, B, C) across aquaponic 
compartments. The color in each panel shows the copy number per µl in a sample with low (0) and high (8) functional N gene abundances. 
Slika 5: Prikaz izražanja gena 16S rRNA ter ostalih fukcionalnih genov dušika iz vseh treh sistemov (A, B, C) akvaponičnega sistema. Različne 
barve prikazujejo različno število kopij genov v enem mikrolitru, od najmanjšega (0) do največjega (8) števila kopij.   
























DS − Digested sludge
FF − Fresh sludge
FS − Fresh sludge
FT − Fish tank
HS − Hydroponic sump
















































DS − Digested sludge
FF − Fresh sludge
FS − Fresh sludge
FT − Fish tank
HS − Hydroponic sump













4.2.1 Expressed N functional genes of the bacterial and archaeal 
enrichments 
The 16S gene, which is present in all bacteria and archaea combines both highly conserved and 
variable regions making it ideal for sequence-based identification of these organisms. The 
abundance of bacterial 16S rRNA genes was higher (3-5 orders of magnitude) than the 
abundance of archaeal 16S rRNA genes across all samples (Figure 6). The abundance of 
bacterial 16S rRNA genes was in the range of 1.09 × 102 to 9.72 × 106 copy numbers µl-1, 
whereas the abundance of archaeal 16S rRNA genes ranged from 1.67 × 10 to 2.24 × 104 copy 
numbers µl-1. The bacterial 16S rRNA was higher in FT, BF and FF (Figure 6) compared with 
the remaining compartments. This was not the case for archaeal 16S rRNA gene abundance, 
which was highest in FS and DS (Figure 6). 
No significant statistical difference (ns, p>0.05) in 16S rRNA gene of bacterial species was 
observed between the samples FS and DS, and 16S rRNA gene of archaeal species between 
samples FT and FS (Figure 6). Kruskal-Wallis Wilcoxon signed rank test demonstrated 
significant difference between RO and FF (*p<0.05), between HS (**p<0.01), between FT, 
BF, HT (***p<0.001) in bacteria and between FS (*p<0.05), HS, DS (**p<0.01), between BF, 







Figure 6: Kruskal-Wallis differential abundance analysis of the bacterial and archaeal 16S rRNA gene. Gene copy numbers per µl of bacteria 
(left) and archaea (right) are plotted of the different compartments in all systems: fish tank (FT), biofilter (BF), hydroponic sump (HS), 
hydroponic table (HT), roots (RO), fish feces (FF), fresh sludge (FS), digested sludge (DS). 
 Slika 6: Kruskal-Wallis analiza diferencialne številčnosti bakterijskih ter arhejskih 16S rRNA genov. Število kopij v enem mikrolitru gena 16S 
rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev mikroorganizmov (BF), hidroponski 
zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), sveže odpadno blato (FS), odpadno 
blato (DS).
Kruskal−Wallis, p = 4.5e−13
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Kruskal−Wallis, p = 5.6e−12
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4.2.2 Genes involved in aerobic nitrification 
Bacterial and archaeal amoA genes (Figure 7) showed similar results as both serve the same 
function, archaeal amoA in archaea and bacterial amoA in bacteria (De Corte et al., 2009). 
Bacterial amoA was 1-2 times higher than the abundance of archaeal amoA in the FT and HS, 
archaeal more abundant in BF, FF than bacterial amoA (Figure 7). The bacterial amoA was 
present in both the aerobic and anaerobic zones. 
By all other functional genes (amoA Nitrosomonas, amoA Nitrospira, hao, nxrB Nitrospira) 
roughly similar dynamics were observed (Figure 5). The gene abundances indicated that the 
major ammonia oxidizers were related to COMAMMOX process (Figure 5). Samples FF, HS 
and HT had low presence of amoA Nitrosomonas and nxrB Nitrospira lineage 1 and lineage 2 
and higher abundance was observed in BF (Figure 9). Despite differences in bacterial 16S 
rRNA gene community composition, certain nitrifying consortia was consistent across the 
system (Figure 5). 
No significant statistical difference (ns, p>0.05) was observed for the amoA gene of bacterial 
species (Figure 7), between HT, RO, FF, FS, DS in amoA of archaeal species (Figure 7), and 
amoA gene of Nitrosomonas (Figure 8). Kruskal-Wallis Wilcoxon signed rank test 
demonstrated significant difference between BF and HS (*p<0.05) in archaeal amoA (Figure 







Figure 7: Kruskal-Wallis differential abundance analysis of the oxidation of NH4+ by amoA. Gene copy numbers per µl of bacteria (amoA 
Nitrospira, amoA Nitrosomonas and bacterial amoA) and archaea (archaeal amoA) are plotted of the different compartments in all systems: fish 
tank (FT), biofilter (BF), hydroponic sump (HS), hydroponic table (HT), roots (RO), fish feces (FF), fresh sludge (FS), digested sludge (DS). No 
significant difference (ns, p>0.05) between samples was observed in amoA Nitrospira, amoA Nitrosomonas and bacterial amoA. 
Slika 7: Kruskal-Wallis analiza diferencialne številčnosti bakterijskega ter arhejskega amoA gena. Število kopij v enem mikrolitru gena 16S 
rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev mikroorganizmov (BF), hidroponski 
zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), sveže odpadno blato (FS), odpadno 
blato (DS). 
Kruskal−Wallis, p = 0.27
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Kruskal−Wallis, p = 0.0012
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Figure 8: Kruskal-Wallis differential abundance analysis of the oxidation of NH4+ by amoA Nitrosomonas and amoA COMAMMOX. Gene copy 
numbers per µl of bacteria (amoA Nitrospira, amoA Nitrosomonas and bacterial amoA) and archaea (archaeal amoA) are plotted of the 
different compartments in all systems: fish tank (FT), biofilter (BF), hydroponic sump (HS), hydroponic table (HT), roots (RO), fish feces (FF), 
fresh sludge (FS), digested sludge (DS). 
Slika 8: Kruskal-Wallis analiza diferencialne številčnosti amoA Nitrosomonas in amoA COMAMMOX gena pri oksidaciji NH4+. Število kopij v 
enem mikrolitru gena 16S rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev 
mikroorganizmov (BF), hidroponski zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), 
sveže odpadno blato (FS), odpadno blato (DS). 
Kruskal−Wallis, p = 0.058
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Kruskal−Wallis, p = 9.8e−12
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Figure 9: Kruskal-Wallis differential abundance analysis of oxidation of NO2- by nxrB gene. Gene copy numbers per µl of bacteria (nxrB 
Nitrospira I and II, and COMAMMOX amoA) are plotted of the different compartments in all systems: fish tank (FT), biofilter (BF), hydroponic 
sump (HS), hydroponic table (HT), roots (RO), fish feces (FF), fresh sludge (FS), digested sludge (DS). 
Slika 9: Kruskal-Wallis analiza diferencialne številčnosti nxrB gena pri oksidaciji NO2-. Število kopij v enem mikrolitru nxrB Nitrospira 1 gena 
16S rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev mikroorganizmov (BF), 
hidroponski zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), sveže odpadno blato 
(FS), odpadno blato (DS). 
Kruskal−Wallis, p = 0.00016
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Kruskal−Wallis, p = 0.00075
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4.2.3 Denitrifying gene abundances 
As with the abundances of nitrification related genes, we found distinct patterns in the 
distribution of genes involved in denitrification. The highest abundance of the narG gene 
was in FT and BF, whereas not present in FF (Figure 10). The abundances of nirS and nirK 
were similarly distributed across all samples with the only difference in FS and RO, where 
nirK was highest (Figure 5). Nitric oxide reductase norB, and nitrous oxide reductase nosZ 
harbored similar numbers encoded in the same operon. Difference in nosZ gene abundance 
among the system was observed with higher abundance in FS than other denitrification genes 
(Figure 10). Functional gene napA responsible for the reduction of NO3- had higher 
abundance in DS, respectively. Functionally equivalent narG play a more crucial roles also 
in nitrification, since the abundance of narG in biofilter was higher than napA (Figure 5). 
NO3- reduction also occurred under the aerobic condition due to presence of napA (Figure 
5).  
Low number of gene copies of nirK and nirS, norB, and nosZ in comparison to the 16S rRNA 
may explain that they do not play a large role (Figure 5). Thus, the enhanced denitrification 
in the anoxic area of the biofilm was an important sign for coupling nitrification and 
denitrification within the same area. No significant statistical difference (ns, p>0.05) in nirK 
gene (Figure 11) between HS, RO, FF, FS, DS and in nirS gene between FF, FS, DS (Figure 
11). Kruskal-Wallis Wilcoxon signed rank test demonstrated significant difference between 
HS, HT and RO (*p<0.05) in nirS (Figure 11) and between FT and HS in nosZ gene (Figure 
12). Significant differences were also observed between FT and BF (**p<0.01) in norB gene 







Figure 10:Kruskal-Wallis differential abundance analysis of the reduction of NO3- by  narG and napA. Gene copy numbers per µl of bacteria are 
plotted of the different compartments in all systems: fish tank (FT), biofilter (BF), hydroponic sump (HS), hydroponic table (HT), roots (RO), fish 
feces (FF), fresh sludge (FS), digested sludge (DS). 
Slika 10: Kruskal-Wallis analiza diferencialne številčnosti napA ter narG genov pri redukciji NO3-. Število kopij v enem mikrolitru nxrB 
Nitrospira 1 gena 16S rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev 
mikroorganizmov (BF), hidroponski zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), 
sveže odpadno blato (FS), odpadno blato (DS). 
Kruskal−Wallis, p = 0.00011
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Kruskal−Wallis, p = 0.00024
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Figure 11:Kruskal-Wallis differential abundance analysis of the reduction of NO2- by  nirK and nirS. Gene copy numbers per µl of bacteria are 
plotted of the different compartments in all systems: fish tank (FT), biofilter (BF), hydroponic sump (HS), hydroponic table (HT), roots (RO), fish 
feces (FF), fresh sludge (FS), digested sludge (DS). 
Slika 11: Kruskal-Wallis analiza diferencialne številčnosti nirK ter nirS genov pri redukciji NO2-. Število kopij v enem mikrolitru nxrB Nitrospira 
1 gena 16S rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev mikroorganizmov (BF), 
hidroponski zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), sveže odpadno blato (FS), 
odpadno blato (DS). 
Kruskal−Wallis, p = 2.6e−06
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Kruskal−Wallis, p = 3.4e−05
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Figure 12:Kruskal-Wallis differential abundance analysis of the reduction of NO by  norB and nosZ. Gene copy numbers per µl of bacteria are 
plotted of the different compartments in all systems: fish tank (FT), biofilter (BF), hydroponic sump (HS), hydroponic table (HT), roots (RO), fish 
feces (FF), fresh sludge (FS), digested sludge (DS). 
Slika 12: Kruskal-Wallis analiza diferencialne številčnosti norB in nosZ gena pri redukciji NO. Število kopij v enem mikrolitru nxrB Nitrospira 1 
gena 16S rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev mikroorganizmov (BF), 
hidroponski zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), sveže odpadno blato (FS), 
odpadno blato (DS). 
Kruskal−Wallis, p = 0.00016
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Kruskal−Wallis, p = 0.00025
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4.2.4 Gene abundances of DNRA, ANAMMOX and N-fixation 
With primer set Amx386F/Eub534R ANAMMOX 16S rRNA gene sequences were 
amplified by applying the primer set specific to ANAMMOX bacteria (Table 17). In both 
aerobic and anaerobic zones, signals were obtained for all samples (Figure 5). The 
abundances of ANAMMOX genes were highest in FT (Figure 13). The presence of positive 
signal for ANAMMOX in the aerobic zone is in disagreement with the anaerobic lifestyle of 
these microorganisms (Figure 5). This indicated that a combination of aerobic and anaerobic 
planctomycetes was present in the system. As the signal in all samples for the primer set 
hzsA1597F/hzsA1857R was below detection we could not get results which may be 
explained that the provided oligonucleotide sequences for this primer set allow only 
ANAMMOX-specific quantification of the genera Candidatus Kuenenia, Brocadia, 
Scalindua, Jettenia, and K. stuttgartiensis.  
The nifH gene abundance was similar across six samples (Figure 13), as evidenced by qPCR. 
We noted shifts in the nifH gene copy numbers with the highest abundances in samples FT 
and BF (Figure 13) which are the most light-exposed parts of the system.  
Moreover, nrfA genes are populated with taxa from six different phyla (Table 2), suggesting 
that the respiratory nitrite ammonification genetic elements are widespread. Unfortunately, 
no quantitative results are available for nrfA, associated with DNRA, due to the fact that 






Figure 13: Kruskal-Wallis differential abundance analysis of the ANAMMOX and N-fixation genes. Gene copy numbers per µl of bacteria are 
plotted of the different compartments in all systems: fish tank (FT), biofilter (BF), hydroponic sump (HS), hydroponic table (HT), roots (RO), fish 
feces (FF), fresh sludge (FS), digested sludge (DS). 
Slika 13: Kruskal-Wallis analiza diferencialne številčnosti gena povezanih s procesom ANAMMOX ter fiksacijo dušika. Število kopij v enem 
mikrolitru nxrB Nitrospira 1 gena 16S rRNA bakterij (desno) ter arhej (levo) v različnih delih sistema: bazen za ribe (FT), površina za naselitev 
mikroorganizmov (BF), hidroponski zbiralnik vode (HS), hidroponska miza za naselitev rastlin (HT), korenine rastlin (RO), ribji iztrebki (FF), 
sveže odpadno blato (FS), odpadno blato (DS). 
Kruskal−Wallis, p = 0.00075
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Kruskal−Wallis, p = 3.4e−05
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4.3 Environmental drivers of the distribution of N functional 
genes  
We aimed to demonstrate how the quantity of N genes varies across the compartments of 
the aquaponic system, which could be strongly influenced by various environmental 
parameters such as pH, electrical conductivity (EC), temperature, redox potential, oxygen 
(O2) and N related NH4+, NO3-, NO2-, and organic N (Figure 14). Data for the fish feces not 
shown due to no measured environmental parameters.  
Dissolved oxygen was positively correlated to genes related to aerobic N transformations 
confirming that DO concentrations increase in biofilters, around plants roots and in fish tank 
due to activities of aerobic nitrifiers and heterotrophs and the fish (Figure 14). In contrast, 
low DO concentrations which contribute to N loss via denitrification and the reduced activity 
of AOB and NOB were confirmed by observed negative correlation of DO with processes 
related to anoxic conditions. Positive correlations of NO2- to bacterial amoA (0.76) and low 
NO2- concentrations in biofilter explained the successful oxidation of NO2- to avoid stress of 
fish and plants by high TAN and NO2-. 
The ammonia oxidizing bacteria Nitrosomonas with amoA gene exhibited a positive 
correlation with amoA and nxrB Nitrospira (Pearson’s R=0.71) and negative with nosZ 
(Pearson’s R=-0.94) (Figure 14). Archaeal amoA strong abundance correlation with DO 
(Pearson’s R=0.89) confirming that AOA may be involved in ammonia oxidation as well. 
There was no correlation of archaeal amoA with nosZ, norB, ammonium (Pearson’s R=-0.6, 
-0.71, -0.54) (Figure 14). The concentration of NO2- showed positive correlation with 
bacterial amoA (0.76), narG (0.68), and nifH (0.68) suggesting that it is essential in oxidation 
of NH4+, reduction of NO3- and N-fixing. Identification of the positive correlation between 
the abundance of the amoA Nitrospira and nxrB Nitrospira gene (0.77), suggest a complete 
ammonia-oxidation from Nitrospira spp. Without the help of AOB, Nitrospira oxidized 
ammonia to nitrate at observed higher NO2- in RFS outflow (from 3.72 to 7.41 mg l-1) 







Figure 14: Correlation heatmap illustrating Pearson’s significant correlations between 
log-transformed copy numbers of N functional genes and environmental parameters: 
dissolved oxygen (DO), electrical conductivity (EC), pH, temperature, NH4+-
N=ammonium,  NO2--N=nitrite,  NO3--N=nitrate. The strongest positive correlations (1, 
light green), the negative correlation (-1, dark green). Correlation coefficient (R) is 
indicated (P<0.05). 
Slika 14: Korelacija na podlagi Pearsonovega korelacijskega koeficienta med izraženimi 
geni in okoljskimi parametri: raztopljeni kisik (DO), električna prevodnost (EC), pH, 
temperatura, NH4+-N=amonijev ion,  NO2--N=nitrit,  NO3--N=nitrat. Pozitivna korelacija 
(1, svetlo zelena), negativna korelacija (-1, temno zelena). Korelacijski koeficient (R) 
znaša P<0.05.     
Nitrate NO3--N positively correlated to the COMAMMOX amoA gene (Pearson’s R = 0.60) 
that convert NH3 to NO3- and negatively to nirS (-0.66), napA (Pearson’s R = -0.60), and 
norB (Pearson’s R = -0.66) (Figure 14) suggesting that NO3- is used as an energy source by 
denitrifying bacteria under anaerobic condition. Nitrate NO3--N which was generated by 







































































































































































correlation with DO (Pearson’s R = 0.89) and nifH (Pearson’s R=0.94) (Figure 14). 
Additionally, a N-fixing population with nifH gene could further be contributing to NO3- 
levels in the aquaponic system, with NH4+ levels strongly correlated (Pearson’s R = 0.94) to 
the abundance of this functional group. 
The nitrate-reducing community harboring narG showed a strong correlation with bacterial 
amoA (Pearson’s R=0.94) (Figure 14), where DO and N oxides were still available for 
respiration. Gene napA responsible for NO3- reduction had only a weakly to moderately 
correlation with nxrB Nitrospira suggesting that both bacteria possess similar gene but not 
with the same function in N cycle as nxrB serve for aerobic oxidation of NO2-. Abundance 
of nirS correlated with amoA Nitrospira (Pearson’s R = 0.83), napA (Pearson’s R = 0.77), 
nxrB Nitrospira (Pearson’s R = 0.77) (Figure 14). The observation of norB gene with role in 
NO respiration showed negatively correlation with NO2- (Pearson’s R = -0.85) and NO3- 
(Pearson’s R = -0.66), bacterial and archaeal amoA (Pearson’s R = -0.77, Pearson’s R = -
0.71), and nifH (Pearson’s R = -0.77) (Figure 14). The nosZ gene representing community 
abundance of the denitrifiers reducing N2O was weakly to moderately correlated to total 
archaea (Pearson’s R = 0.49) confirming that archaea from Crenarchaeota and Halobacteria 
(Cabello et al., 2004) utilize nosZ gene to perform the reduction of N2O also in aquaponic 
system. All denitrification functional genes negatively correlated with DO (Figure 14) and 
demonstrated that denitrification is carry out during NO3- enrichment, potentially 







In this study, methods for quantification of nitrogen cycling genes were evaluated using 
different bacterial and archaeal dsDNA from eight samples at a sensitivity that enables 
determination of small quantities of used material. It was confirmed that for nucleic acid 
quantification, a standard curve with DNA from species being assayed is the best reference. 
Fluorescence detection with SsoFast EvaGreen is a sensitive and precise method for DNA 
quantification. In this case, the method allows quantification of very low levels (nanogram 
scale) of DNA. In order to set up multiple qPCR assays for gene quantification it was 
necessary to run them at specific thermal cycling protocol, thereby including assay 
optimization by varying the annealing temperature, and concentration of reagents. In 
addition to the primer melting temperature, amplicon size was also important to consider 
amplification efficiencies. Higher amplification efficiencies were observed with shorter 
amplicons and therefore higher detection sensitivities than long amplicons (Ishii et al., 2013). 
We have shown that the use of the primer optimization in combination with gel 
electrophoresis of PCR reactions is important for the development of each component for 
qPCR. The optimization of the primer concentration may further improve the sensitivity as 
well as the signal noise for assays. Developing qPCR assays generating only specific 
amplicons opens up the possibility of using dye independent assays. Therefore, qPCR 
optimization should be routinely performed for each assay for further analyses.  
To link microbial communities to N pathways we used marker genes to represent relevant 
biochemical processes that are involved in an aquaponic system. A large-scale comparative 
genomic analysis of bacterial and archaeal N-cycling pathways suggests that these 
approaches may not be robust, because analyzed N-cycling pathways are often incomplete 
in microbial metagenomes (Albright et al., 2019). Conversion of N compounds is ubiquitous 
for aquaponic systems to avoid toxicity problems of the different N forms for both bacteria 
and archaea. Consistent with our first hypothesis, an aquaponic system represents complex 
habitats that can host enormously diverse microbial communities (Schmautz et al., 2017; 
Eck et al., 2019) ensuring growing healthy plants and fish welfare. The dominant species of 
the observed OTUs (Schmautz et al., 2017) varied in the different sampling points depending 






Aquaponic system developed a bacterial population capable to convert NH4+ from excretion 
process of the fish to NH2OH to NO2- to NO3-. Within this context, the nitrification pathway 
was complete in AOB, NOB and AOA suggesting that are ubiquitously distributed and have 
been studied in a broad range also of other environments including agricultural, forest, soil 
(REF). The numerical dominance of AOA suggests higher potential contribution to NH3 
oxidation suggesting that N additions differentially affect the activities of AOA and AOB. 
The bacterial and archaeal amoA functional clades are phylogenetically narrow, which may 
influence the strength of the correlation between the abundance of AOA and AOB in the 
aquaponic system and ammonia oxidation. Also, AOA and AOB distinct domains of 
ammonia oxidizers likely flourish under distinct environmental conditions, with AOA being 
more prevalent in low-pH habitats (Zhang et al., 2010), highlighting the importance 
measuring both domains as a more accurate reflection of nitrifying potential. 
Of the identified genes of nitrifying bacteria from the phyla Bacteroidetes, Nitrospirae, and 
Proteobacteria mostly found in biofilter and root zone is in accordance to the observation 
from Schmautz et al., 2017. The most common observed AOB were from class 
Betaproteobacteria of genus Nitrosomonas, Nitrosococcus, Nitrosospira, Nitrosolobus, 
Nitrosovibrio, and NOB of genus Nitrotoga, Nitrobacter, Nitrococcus, Nitrosococcus, 
Nitrospira, Nitrospina. In accordance with the study of Schmautz et al., 2020, the most 
abundant nitrifying bacteria were those of the genus Nitrospira. All biofilter samples had 
two Nitrospira sequences, one affiliated with amoA Nitrospira and another with the nxrB 
Nitrospira sequence. Both related to genus Nitrospira commonly known as a NOB 
(Rurangwa and Verdegem, 2015; Itoi et al., 2007; Daims et al., 2015; Gao et al., 2017) 
indicating that COMAMMOX is more common to aquatic culture systems. The results 
showed higher proportions of COMAMMOX versus Nitrosomonas amoA and nxrB which 
is consistent with the third hypothesis. The relative abundances of these microorganisms 
appeared to be influenced by differences in DO and NH4--N concentrations which is in 
accordance with other studies (Palomo et al., 2016; Pjevac et al., 2017; Tatari et al., 2017; 
Wang et al., 2017). As NH2OH and NO are potential toxic by-products generated by 
incomplete reduction of NO2- to NH4+.   
All complete denitrifiers are facultative aerobes and represent a homogeneous group that 






Individual pathways of denitrification also varied among phyla. The abundance of 
denitrification genes responsible for anaerobic N transformations was linked to anoxic 
conditions favorable to their metabolism (DO between 0.1 and 0.2 mg l-1), consistent with 
the second hypothesis. A large diversity of denitrification genes was observed in facultative 
anaerobic heterotrophs. In contrast to the dominance of Proteobacteria under aerobic 
conditions, enriched denitrifying related genes under anaerobic conditions varied among 
genus Agribacterium, Achromobacter, Aerobacter, Acinetobacter, Alcaligenes, Bacillus, 
Brevibacterium, Flavobacterium, Pseudomonas, Protus, Micrococcus, Paracoccus, 
Azoarcus, Comamonadaceae, Rhodobacter. In accordance with the observed phyla by 
Schmautz et al., 2017, the Comammonadaceae family was identified as being present in 
eight samples and also found in freshwater recirculating aquaculture and aquaponic systems 
in other studies (Schmautz et al., 2017; Itoi et al., 2007).  
The N2O reducers with nosZ occupied anaerobic and aerobic compartments in the system. 
These finding indicate that microbial populations with nosZ genes, including 
Bradyrhizobium, Sinorhizobium, Alcaligenes, Achromobacter, Pseudomonas, are potential 
contributors to N2O reduction in aquaponics, as well as in other compartments where N2O 
sources exist (BF). These findings further demonstrate that the combined contributions of 
both aerobic and anaerobic N2O reduction must be quantified to obtain meaningful 
measurements of N2O related genes.  
The larger numbers of NO3- and NO2- reduction specific genes indicated that sludge specific 
samples had diverse bacterial communities. The bacterial nitrite reductase nirK was mostly 
present in Blastobacter and Alcaligenes, and nirS from Achromobacter, Comamonas, 
Paracoccus, Pseudomonas, Cupriavidus. Higher nirK diversity has been detected in samples 
with high NO3- concentrations, while higher nirS was detected in low-NO3- samples. Nitric 
oxide reductase norB similar to the sequences from Pseudomonas. Higher nosZ and norB 
were detected at high NH4+ in RS, DS and organic N in all sludge related samples (FS, RS, 
DS) where anaerobic conditions are present. 
Genes related to ANAMMOX specific bacteria belonging to the order Brocadiales have 
been tested to see how well ANAMMOX-related species remove N from the water. The 
analysis of bacterial community showed that the ANAMMOX pathway varied among phyla 






Schmautz et al. (2017) and Jetten (2001). Among the unclassified planctomycetes found in 
biofilter, plant roots and periphyton samples (Schmautz al., 2017), members of Ca. Brocadia 
are considered as growth-rate strategists with a high growth rate and low substrate affinity 
(van der Star et al., 2008). The high abundance in the anaerobic zone indicates that the 
anammox process could participate in the samples of the ammonium contamination.  
Microorganisms associated with DNRA are generally present in anoxic and electron donor 
rich environments with low NO3- availability (Burgin and Hamilton, 2007; Kraft et al., 2011; 
Rütting et al., 2011; van den Berg et al., 2015). In other studies, DNRA related nrfA gene 
was observed at a high level where providing enough C source under oxygen-limited 
environment for N-fixation and denitrification when organic compounds were difficult to 
gain due to the poor transport of substrates. Since primer set targeting nrfA gene was not 
identified, it is possible that both NO3- ammonification and denitrification can occur 
simultaneously in anaerobic sites in aquaponic system (Smith and Zimmerman, 1981; 
Stevens et al., 1998) and may compete for NO3-.  
In N-fixation process, we found that nifH gene abundance significantly increased with the 
increased pH and DO (Figure 14), indicating a close linkage between N fixation microbial 
group and aquaponic pH and DO. The particular N-fixing bacteria that we found in 
aquaponics, enables a wide range of microorganisms to fix N in symbiotic interaction with 
other N-fixing bacteria. Lettuce root system interacted with N-fixing bacteria which can fix 
N in their cells and get energy for that N-fixation from the plant’s photosynthesis. 
Independent of N fixation, the abundance of nifH gene diverged from NH4+ concentrations 
because NH4+ can be also generated by N mineralization. Certain archaeal phylum contain 
nifH genes (Hayden et al., 2010), thus may be unaccounted for gene abundance estimates 
where the qPCR primers only target bacterial N fixers (Table 2). In aquaponic system, 
oxidized forms of fixed N, primarily NO3-, can be the dominant form of bioavailable N. 
Ammonium, although often at low or undetectable concentrations in four samples (FT, BF, 
HS, HT – Figure 5), is the primary source of N for fixation and energetically favorable for 







In summary, by investigating the abundances of N functional genes in eight different 
compartments of an aquaponic system, our result showed that N functional gene abundances 
provided a comprehensive insight in microbial community structure of nitrifiers (amoA, hao, 
nxrB), denitrifiers (napA, narG, nirK, nirS, norB, nosZ), DNRA (nrfA), N-fixers (nifH) and 
ANAMMOX (hzs, hzo) related organisms in the aquaponic system. With optimized assays 
by using qPCR, the gene abundances could be used to maintain a functioning aquaponic 
system. These results imply that the environment such as aquaponic system has the potential 
ability to improve interpretation of complex environmental metagenomic data. The results 
can extend our knowledge about microbial communities and environmental parameters in 
ecological processes. 
The recent discovery of the N genes adds a new dimension to the current understanding of 
the N cycle in aquaponics. Moreover, it also brings opportunities to revise the approach to 
N management in aquaculture and other wastewater treatments systems employing the novel 
N removal processes. The nitrifying bacteria and archaea may significantly disturb NO3- 
production, which is critical step for the successful operation of nitrification. Modern tools 
of metagenomics enable to detect, identify and estimate of the content of bacterial and 
archaeal communities in aquaponic samples. When combined with the metatranscriptomics, 









7 POVZETEK V SLOVENŠČINI 
7.1 UVOD 
Do leta 2050 bo svetovno kmetijsko proizvodnjo potrebno povečati za 70–100%, da bi 
ohranili deset milijard prebivalcev sveta (Gerten et al., 2020). Globalne spremembe pri 
kroženju dušika (N) lahko negativno vplivajo na produktivnost in biološko raznovrstnost 
ekosistema (Tilman, Isbell, 2015; Vitousek et al., 1997), saj povzročajo evtrofikacijo, zlasti 
onesnaženje vodnih virov z nitrati (NO3-), poslabšanje kakovosti zraka emisij strupenih 
dušikovih spojin ter onesnaženje s toplogrednimi plini (Galloway et al., 2008; Erisman et 
al., 2011, Vitousek et al., 1997; Townsend et al., 2003; Ravishankara et al., 2009). 
Dušik sodi med najpomembnejše toplogredne pline v obliki antropogenega N (didušikov 
oksid, N2O), ki zahteva učinkovitejšo in trajnostno prakso upravljanja (FAO, 2019).  
Približno 50% N vstopi v okolje s pomočjo številnih procesov, ki lahko vplivajo na zdravje 
ljudi. (Ravishankara et al., 2009; Galloway et al., 2003; Lassaletta et al., 2014; Pikaar et al., 
2017). Večino (60-80%) svetovnih N emisij pripisujejo kmetijstvu (Linquist et al., 2012; 
Turner et al., 2015), pri čemer je ključno razumevanje in poznavanje delovanje ekosistemov 
ter njihov odziv na razpoložljivost N v okolju. Integriran ekosistem, ki lahko pomembno 
prispeka k učinkovitemu kroženju N v okolju je akvaponika, ki združuje gojenje rib s 
sistemom recirkulacije ter pridelavo rastlin (Rakocy, 2012). Osnova funkcija akvaponičnih 
sistemov je recikliranje hranil ter vode, pri čemer N pretvarja iz ene oblike v drugo, pri 
čemerne pride do izpustov odpadnih snovi v okolje (Goddek et al., 2016). 
V akvaponičnih sistemih sodelujejo tri različne skupine organizmov: ribe, rastline in 
mikroorganizmi. Mikroorganizmi so vključeni v presnovne reakcije N, proteolizo in 
redukcijo sulfata (Munguia-Fragozo et al., 2015). Eden najpomembnejših procesov je 
pretvorba ribjih strupenih izločkov in raztopljenih N spojin (amonijak (NH3) in nitrit (NO2-
)) v rastlinam dostopna hranila (Munguia-Fragozo et al., 2015; Somerville et al., 2015). 
Znane bakterije (Schmautz et al., 2017) in geni (Kuypers et al., 2018), ki so vključeni v 






7.2 Razpoložljivost dušika v akvaponiki 
Temeljna osnova dušikovega kroženja vpliva na zdravje človeka ter na procese v okolju 
(Moir, 2011). Dušik, kot nepogrešljiva sestavina življenja je pomemben tudi pri  pretvarjanju 
energije (Moir, 2011). Atomi N so prisotni v deoksiribonukleinski kislini (DNA), 
ribonukleinski kislini (RNA), aminokislinah, beljakovinah in drugih celičnih komponentah 
(Pratt, Cornely, 2018). V akvaponičnem sistemu je N prisoten v številnih oblikah, z 
različnimi oksidacijskimi stanji (Tabela 1) od -3 v amonijaku (NH3) do +5 v nitratu (NO3) 
(Moir, 2011). Pretvorbe N katalizirajo specifični encimi (Moir, 2011). V akvaponičnih 
sistemih je glavni vir N ribja hrana, ki jo ribe zaužijejo in kasneje izločijo v obliki prostega 
in vezanega NH4+ (Timmons, Ebeling, 2013). Ribji iztrebki v obliki NH4+ zagotavljajo 
glavni vir N za rast rastlin. Voda, bogata z amonijevimi ioni, teče iz bazena, kjer se nahajajo 
ribe skozi različne dele sistema, kjer se hranila pretvorijo z biološko nitrifikacijo, 
denitrifikacijo in asimilacijo N v obliki NH4+ in NO3- (Graber, Junge, 2009; Zou et al., 2016). 
Znanih je več študij o prisotnosti N v akvaponičnih sistemih (Endut et al., 2014; Hu et al., 
2015; Zou et al., 2016; Wongkiew et al., 2017), medtem ko študij za določitev funkcionalnih 
genov, ki sodelujejo pri kroženju N, še ni. Pri tem je potrebno izpostaviti razumevanje 
dinamike N ter različnih vplivov N procesov na učinkovitost ter izgube N iz akvaponičnega 
sistema ter drugih sistemov z odpadnimi vodami, ki vsebujejo N in druge organske snovi. 
7.3 Analiza funkcionalnih genov vključenih v kroženje dušika 
Biološki procesi, ki so vključeni v kroženje N so povzeti v Tabeli 2. Seznam se nenehno 
posodablja, saj je za vsak dušikov gen odkritih vedno več organizmov (Sliki 2). 
Glavni vnos N v akvaponični sistem predstavlja ribja hrana, ki ima visoko vsebnost 
beljakovin (20–60%) (Groenveld et al., 2019). Del N se zadrži v ribah (Boyd, McNevin, 
2014; Neori et al., 2007), medtem ko se preostanek izloči v vodo v obliki celotnega NH3 
(TAN; kombinacija NH3 in NH4+) in kot organska snov (Neori et al., 2007; Timmons, 
Ebeling, 2013). Ribja hrana zagotavlja energijo za asimilacijo, hranila za rast celic, izgubo 
toplote in energijo za presnovo (Lekang, 2013). Ribe zaužijejo med 1 in 7% svoje telesne 
teže (Bernstein, 2011). Protoniran NH3 s H+ nastane iz prvotno raztopljenega ogljikovega 






hidrolizo sečnine ribjih iztrebkov (Wongkiew et al., 2017). Ker ribe proizvedejo veliko 
količino iztrebkov (skupna količina trdnih snovi je približno 224 do 585 g kg-1 rib), jih 
mikroorganizmi uporabljajo kot vir organskega C (van Rijn, 2013). Poleg tega je 
amonifikacija tudi postopek pridobivanja NH4+ iz nitrata (NO3-) v anaerobnih pogojih s 
pomočjo heterotrofnih bakterij (Strock, 2008). Geni, povezani z amonifikacijo so prikazani 
v Tabeli 2. 
7.3.1 Nitrifikacija in komamoks 
Nitrifikacija temelji na aerobni oksidaciji NH4+ v NO3-, preko hidroksilamina (NH2OH) in 
nitrita (NO2-) (Hu et al., 2015). Proces temelji na delovanju treh encimov: amonijeve 
oksidaze (amoA), hidroksilamin oksidaze (hao) in nitrit oksidaze (nxr) (Tabela 2). Popolno 
oksidacijo NH3 do NO3- vršita dve skupini mikroorganizmov: amonij oksidirajoče bakterije 
(AOB) in arheje (AOA)) in nitrit oksidirajoče bakterije (NOB) (Ebeling et al., 2006; Gerardi, 
2002; Panuvatvanich et al., 2009). AOB (npr. Nitrosococcus, Nitrosomonas, Nitrosolobus, 
Nitrosovibrio  spp.) in AOA oksidirajo amonij v nitrit, medtem ko so NOB (npr. 
Nitrococcus, Nitrobacter, Nitrospira, Nitrospina  spp.) pretežno avtotrofi, ki oksidirajo NO2- 
do NO3-. Popolna oksidacija amonijaka (komamoks, pretvorba NH3 v NO3-) (Tabela 2) 
poteka v bakterijah iz rodu Nitrospira (Daims et al., 2015; van Kessel et al., 2015). Sposobni 
so aerobno oksidirati NH3 vse do NO3- in so dobro prilagojeni na različne koncentracije NH3 
in raztopljenega kisika (Kits et al., 2017). Nitrifikatorji uporabljajo NH4+, raztopljen CO2 in 
bikarbonat kot vir dušika in ogljika (C) za asimilacijo celic (Wongkiew et al., 2017). 
Amonijak lahko oksidirajo tudi pri nizki koncentraciji NH4+ (2 µg N l-1) (Martens-Habbena 
et al., 2009). V biofilmu reaktorja v recirkulacijskem sistemu akvakulture (RAS) je prisotna 
največja številčnost in aktivnost nitrificirajočih mikroorganizmov (Van Kessel et al., 2015).  
V akvaponičnih sistemih se TAN in NO2- oksidirata do NO3-, ker sta strupene za ribe v 
visokih koncentracijah (TAN nad 2,9 mg in NO2- nad 11 mg N l-1) (Rakocy et al., 2004; 
Liang, Chien, 2013; Buzby, Lin, 2014). Koncentracije NO3- (NO3--N) lahko segajo do 150-
300 mg N l-1 (Graber, Junge, 2009; Hu et al., 2014) ter pri tem ne povzročijo negativnega 
vpliva na ribe in rastline (Seawright et al., 1998; Sikawa, Yakupitiyage, 2010; Lam et al., 
2015). Stabilno ravnovesje N v akvaponičnem sistemu predstavlja ravnovesje med tvorbo 






7.3.2 Potrebe rastlin po dušiku 
Dobro delujoč akvaponični sistem je učinkovit, kadar pride do visokih donosov rib in 
rastlinske biomase z majhno količino emisij N (Wongkiew et al., 2017). Rastline so 
izpostavljene različnim oblikam N, kar vključuje mineralne in organske oblike N, NH3 in 
N2. Oblika vnosa N je v glavnem odvisna od njegove dostopnosti znotraj sistema, zaradi 
katerih sta NH4+ in NO3- najbolj razširjene oblike N za prehrano rastlin. Na asimilacijo N v 
rastline vplivajo aktivnost mikroorganizmov na površini rastlinskih korenin, prisotnost virov 
ogljika ter kontaktni čas med vsebnostjo hranil v vodi ter prevzemom hranil s strani rastlin 
(Buhmann, Papenbrock, 2013). Asimilacija N v rastlinah poteka znotraj kloroplasta, kjer 
pride do vpada koncentracij NO2- in asimilacije NH4+. V akvaponiki lahko rastline 
asimilirajo N v obliki NO3-, NH4+ (Graber, Junge, 2009; Zou et al., 2016) in manjših 
organskih molekul. NO3- je glavni vir N za pridelavo rastlin v akvaponiki (Rakocy et al., 
2004; Hu et al., 2015), ki ga rastline v celoti ne asimilirajo, če koncentracije presegajo 
potrebo po N za rastline (Evans, 2001; Kalcsits, Guy, 2013). Celoten vnos N uravnavajo 
transporterji z visoko ali nizko afiniteto do NO3-  oziroma NH4+ (Nacry et al., 2013).  
7.3.3 Denitrifikacija 
V postopku denitrifikacije pride do uplinjevanja raztopljenega NO3- in NO2- preko 
dušikovega oksida do molekularnega N (N2) pri nizkih koncentracijah kisika (Bothe et al., 
2007) (Tabela 2). Proces prispeva k izgubi N med 25 in 60% (Hu et al., 2015; Zou et al., 
2016). Denitrifikacijo izvajajo fakultativne heterotrofne bakterije in arheje (Hargreaves, 
1998; Michaud et al., 2006; Gentile et al., 2007; Lu et al., 2014). Denitrificirajoči 
mikroorganizmi uporabljajo NO3- kot akceptor elektronov in raztopljeni organski ogljik 
uporabi kot donor elektronov (Wongkiew et al., 2017). Pri nizkih koncentracijah 
raztopljenega kisika (DO) (<0,3 mg l-1) heterotrofi istočasno izvedejo nitrifikacijo in 
denitrifikacijo (Chen et al., 2012; Zhao et al., 2012; Fitzgerald et al., 2015). Aktivnost 
denitrificirajočih bakterij je odvisna od razpoložljivosti ogljika, kar povzroči kopičenje 
vmesnih produktov ter disimilativno redukcijo NO3- do NH4+ (DNRA) (van Rijn et al., 2006; 
Hu et al., 2015). Heterotrofne bakterije pretvarjajo raztopljeno organsko biomaso ter iztrebke 
rib (približno 7% ribje hrane) (Hu et al., 2012) ter prevladujejo v primerjavi z avtotrofi (Ling, 






presežek biomase v obliki odpadnega blata (Zhou et al., 2009; Blancheton et al., 2013; 
Michaud et al., 2014).  
7.3.4 Anamoks 
Anaerobna oksidacija amonija (anamoks) je mikrobiološki proces v napravah za čiščenje 
odpadnih vod (Schmid et al., 2000; Jetten et al., 2015), reaktorjih z omejenim snovnim 
tokom kisika (Third et al., 2001; Sliekers, 2002), drugih čistilnih sistemih (Kuypers et al., 
2006; Hamersley et al., 2007), različnih vodnih ekosistemih (Schubert et al., 2006; Penton 
et al., 2006), v morju (Rysgaard et al., 2004; Dalsgaard et al., 2005; Hu et al., 2011) in  
ribogojnicah (Tal et al., 2006; Lahav et al., 2009; van Kessel et al., 2010; Timmons, Ebeling, 
2013; Zou et al., 2016) (Tabela 2). Proces anamoks se pojavlja hkrati z nitrifikacijo (Lahav 
et al., 2009; van Kessel et al., 2010; Ma et al., 2015). V zunanji plasti biofilma, kjer se nahaja 
območje z zmanjšano koncentracijo kisika, anamoksne bakterije pretvorijo NH4+ in NO2- do 
N2. Anamoks je poleg denitrifikacije alternativni postopek za odstranjevanje dušika in 
omogoča popolno odstranjevanje NH4+ brez potrebe po ogljiku. Ta proces opravljajo le 
določene skupine bakterij, kot so na primer Kuenenia, Brocadia, Scalindua, Jettenia, 
Anammoxoglobus,  znotraj reda Brocadiales ter debla Planctomycetes (Kartal, Keltjens, 
2016; Dietl et al., 2015; Jetten et al., 2015; Kartal et al., 2013 ; Harhangi et al., 2012; Wang 
et al., 2012). 
7.3.5 Fiksacija dušika 
Fiksacija N je ključni mikrobni postopek za vzdrževanje uravnoteženega kroženja N (Maier, 
2004). Mikroorganizmi v anoksičnih pogojih (Zehr et al., 2003) s pomočjo encimskega 
kompleksa nitrogenaza pretvorijo N2 do NH4+ (Eady, 1996). Redukcijo atmosferskega N 
(Zehr et al., 2003) vršijo arheje in prosto živeče bakterije kot so Clostridium pasteurianum 
(Zinoni et al., 1993), Rhodobacter capsulatus (Hoffmann et al., 2014), Anabaena variabilis 
(Kentemich et al., 1988; Thiel, 1993), Rhodospirillum rubrum (Lehman, Roberts, 1991; 
Davis et al., 1996) Heliobacterium gestii (Kimble, Madigan, 1992), Azospirillum brasilense 






7.4 Dejavniki, ki vplivajo na kroženje dušika 
Na mikrobne procese, ki so vključeni v kroženje N v akvaponičnih sistemih vplivajo biotski 
in abiotski dejavniki: pH, koncentracija raztopljenega kisika (DO), NH4+-N in NO2--N, 
razmerje C:N in hidravlična obremenitev (Wongkiew et al., 2017). V akvaponičnih sistemih 
je pH glavni dejavnik, ki se uporablja za nadzor mikrobnih aktivnosti pri presnovnih 
procesih ter razpoložljivosti N v rastlinah (Taiz, Zeiger, 2003; Kuhn et al., 2010; Zou et al., 
2016). Biološka oksidacija NH4+ do NO2-  hitreje poteče pri pH med 6.4 in 9.0 (Ruiz et al., 
2003). Uravnavanje oskrbe rastlin s hranili se pH uravnava s pomočjo dodajanja kalijevega 
hidroksida (KOH), kalcijevega hidroksida (Ca(OH)2) (Rakocy et al., 2004), kalcijevega 
bikarbonata (Ca(HCO3)2) ali z dodajanjem drugih šibkih baz (Rakocy et al., 2004). 
Električna prevodnost (EC) se običajno uporablja v hidroponiki za merjenje skupne količine 
hranilnih soli v vodi (µS cm-1). EC merilnik ne zagotavlja natančnega odčitavanja NO3- 
ravni, zato je koncentracijo NO3-  učinkoviteje izmeriti z uporabo hitrih testov. Na pridelavo 
rastlin lahko negativno vpliva vrednost EC, ki znaša več kot 1500 µS cm-1 (Somerville et al., 
2015). Koncentracija raztopljenega kisika (DO) se zmanjša v okolici rastlinskih korenin ter 
v bazenih za ribe (Hagopian, Riley, 1998) zaradi aktivnosti nitrifikacijskih in heterotrofnih 
mikroorganizmov ter rib. V akvaponiki lahko nizka koncentracija DO prispeva k izgubi N2 
z denitrifikacijo (Wongkiew et al., 2017). Aktivnost AOB se zmanjša, če je vrednost DO 
pod 4 mg l-1, medtem ko se aktivnost NOB zmanjša, če vrednost pade pod 2 mg l-1 (Kim et 
al., 2005). Za ohranitev učinkovitega delovanja akvaponičnega sistema in za izogib 
negativnim vplivom za rastline in ribe, mora vrednost DO znašati nad 1,7 mg l-1 v biofiltrih 
(Ruiz et al., 2003) in 5 do 6 mg l-1 v bazenih za ribe (Bernstein, 2011; Rakocy, 2012). 
Razmerje ogljika in N (C:N) vpliva na učinkovitost nitrifikacije in s tem na aktivnost 
nitrifikatorjev (Ebeling et al., 2006; Michaud et al., 2014). Poleg tega razmerje C:N vpliva 
tudi na emisije N in razpoložljivost dušika za rast rastlin. Heterotrofni mikroorganizmi 
znižujejo DO v biofiltrih, kar vodi do izgube N (Wongkiew et al., 2017). Visoki 
koncentracije TAN in NO2- so lahko strupene za ribe in zavirajo nitrificirajoče 
mikroorganizme, zlasti NO2- v koncentraciji 27 mg l-1, kar zmanjša hitrost oksidacije 
amonijaka (Hargreaves, 1998). Nizke temperature povečajo potrebo rastlin po NH4+ 
(Haynes, Goh, 1978). Amonifikacija je manj občutljiva na temperaturo kot nitrifikacija, kar 







Namen magistrskega dela, ki je del projekta na Univerzi uporabnih znanosti v Zürichu 
(ZHAW) v Wädenswilu v Švici, je potrditev ustreznosti metagenomskega pristopa za 
določanje specifičnih bakterij in arhej, ki sodelujejo pri kroženju dušika v akvaponičnem 
sistemu. Omejili smo se na določanje tarčne DNA v preiskovanih vzorcih s pomočjo 
kvantitativne verižne reakcije s polimerazo (qPCR) v izbranem tednu med delovanjem 
akvaponičnega sistema. Za izboljšanje učinkovitosti samega kroženja v sistemu smo se 
osredotočili na  podrobno razumevanje vseh procesov ter izgub različnih oblik dušika, ki 
vplivajo na učinkovitost celotnega akvaponičnega sistema. Podrobno poznavanje 
dušikovega cikla lahko omogoči razvoj inovativnih in učinkovitejših kmetijskih praks in 
postopkov zmanjševanja dušikovih izpustov v okolje (Coskun et al., 2017; Fowler et al., 
2013; Gruber, Galloway, 2008). Z izražanjem genov v različnih delih sistema smo skušali 
preučiti porazdelitev mikroorganizmov ter njihovo vlogo v sistemu. Z izbiro referenčnih 
genov smo s pomočjo kvantitativno qPCR raziskali delovanje mikrobne populacije v 
različnih delih akvaponičnega sistema. Identificirali smo procese znotraj populacije 
mikroorganizmov, ki so ključni pri kroženju dušika: nitrifikacija (amoA, hao, nxrB), 
denitrifikacija (napA, narG, nirK, nirS, norB, nosZ I in II), anamoks (hzs, hzo), N-fiksacija 
(nifH), amonifikacija (gdh, ureC). Porazdelitev genov smo preučili s pomočjo izračuna 
števila kopij genov (število kopij posameznega gena v genomu organizma) bakterij ter arhej 
s primerjavo števila kopij celotne 16S rRNA. 
Hipoteze: 
1. Število bakterijske populacije in genov, ki sodelujejo pri kroženju dušika, se bo 
spreminjalo glede na pogoje v različnih delih akvaponičnega sistema.  
2. Anaerobni mikroorganizmi ter encimi, ki so odgovorni za anaerobne procese 
kroženja dušika bodo zaznani v anaerobnem reaktorju. 
3. Število nitrifikacijskih bakterij, ki pretvarjajo amonij v nitrat v biofiltru bo prevladalo 






7.6 METODE DELA 
7.6.1 Delovanje akvaponičnega sistema 
Študija je bila izvedena na podlagi veterinarskega dovoljenja iz kantona Zürich (Švica), pod 
številko ZH020/17. Tri replike akvapončnega sistema (A, B, C) so bile nameščene v 
rastlinjaku s površino 270 m2. Vsaka replika s skupnim volumnom vode 4,3 m3 je sestavljena 
iz dveh podenot; enote akvakulturnega recirkulacijskega sistema, ki je povezana s 
hidroponično enoto. Akvaponični sistem je sestavljen iz bazena za ribe (1), enote za 
odstranjevanje  trdnih snovi (bobnasti filter) s senzorjem vodne gladine (2), zgoščevalne 
enote trdnih snovi (radialni pretočni usedalnik) (3), biofiltra (4), enote za UV dezinfekcijo 
(5), sistema za dodajanje kisika (O2) (6), anaerobnega reaktorja (7), hidroponske mize (8), 
zbiralne posode za vodo (9) (Slika 1). 
Raven vode v akvaponičnem sistemu smo uravnavali s pomočjo mehaničnega ventila in 
spremljali s pomočjo analognega vodnega števca. Suspendirane trdne snovi smo  iz 
recirkulacijskega sistema odstranjevali  z vrtljivim mehanskim filtrom HDF501-1P 
(Hydrotech AB, Vellinge, Švedska). Voda se je gravitacijsko pretočila v biofilter, kjer je 
potekalo biološko čiščenje vode. S pomočjo toplotnega izmenjevalnika v biofiltru, 
smozagotovili stalno temperaturo (27 ± 2°C) vode. Črpalka s pretokom 5 m3 h-1 je črpala 
vodo iz biofiltra skozi UV dezinfekcijsko enoto (UltraAqua, Aalborg Øst, Danska) in O2 
enoto (LINN Gerätebau GmbH, Lennestadt-Oedingen, Nemčija) nazaj v bazen za ribe. 
Recirkulacijski akvakulturni sistem je bil povezan s hidroponičnim sistemom preko ventila 
(A) nameščenega med O2 enoto ter bazenom za ribe, ki je zagotavljal redni dotok (vsakih 
pet minut, enominutni dotok) vode v zbiralnik za vodo. Voda je neprestano krožila med 
podenotama, kar je zagotavljalo nemoteno kroženje vode in hranil. Pretok med zbiralnikom 
za vodo ter hidroponično mizo je znašal 0,36 m3/h. Avtomatsko izpiranje mehanskega filtra 
je omogočalo odstranitev odpadnih produktov, ki nastajajo v sistemu (ostanki ribje hrane, 
ribji izločki) in ki so se zbirli v zgoščevalni enoti trdnih snovi. Nastalo usedlo biomaso 
smodvakrat tedensko odstranili in prenesli v anaerobni reaktor. Nastali supernatant, bogat s 






7.6.2 Nadzorni sistem akvaponičnega sistema 
Za učinkovito delovanje akvaponičnega sistema je bil nameščen nadzorni sistem, ki 
omogoča optimizacijo ustreznih pogojev za gojenje rastlin ter rib. Nadzorni sistem je bil 
avtomatiziran tako, da v primeru odstopanj, obvesti odgovorno osebo. Nadzorni sistem za 
spremljanje sistemske vode je vsakih 15 minut beležil podatke preko operacijskega sistema 
(LINN) (Gerätebau AG, Nemčija). Poleg dnevnih meritev temperature, električne 
prevodnosti, pH ter raztopljenega kisika smo izvajali tudi tedenske analize sistemske vode, 
ki zajemajo analize nitrata (NO3--N), nitrita (NO2--N) ter amonija (NH4+-N). Analize smo 
izvajali v skladu z navodili proizvajalca s pomočjo spektrofotometra DR 3800 VIS 
Spectrophotometer (Hach Lange GmbH, Nemčija) in hitrih testov Hach Lange LCK (Hach 
Lange GmbH, Nemčija). Temperatura v rastlinjaku smo uravnavnavali z uporabo 
programske opreme Master Clim (Anjou Automation, Mortagne-sur-Sèvre, Francija). V 
rastlinjaku je bilo omogočeno ogrevanje v primeru, ko temperatura pade pod 16°C (podnevi) 
ali pod 14°C (ponoči). 
7.6.3 Vzorčenje  
Vzorčenje se je izvajalo v rastlinjaku Univerze uporabnih znanosti v Zürichu (ZHAW) v 38. 
tednu 2017 (17. 09. – 23. 09. 2017). Vzorci so bili odvzeti na izbrani dan (20. 09. 2017) v 
38. tednu 2017. V vsakem sistemu so bile naseljene ribe vrste Nile tilapa (Oreochromis 
niloticus, Til-Aqua International, Nizozemska) ter solata (Lactuca sativa Kiber, Rijk Zwaan, 
De Lier, Nizozemska). Vzorčenje je potekalo na osmih vzorčnih mestih akvaponičnega 
sistema: površina za naselitev mikroorganizmov – nosilci za naselitev mikroorganizmov 
(BF), odpadno blato (DS), ribji izločki (FF), površina bazena za ribe (FT) ter korenine rastlin 
(RO). Iz vsakega vzorčnega mesta smo  odvzeli tri vzorce. Biofilm smo z vatirano palčko 
odvzeli na stenah bazenov za ribe. Nosilce za naselitev mikroorganizmov smo  iz biofiltra 
odstranili s pomočjo pincete. Korenine so bile odrezane iz treh naključno izbranih solat iz 
vsakega hidroponičnega sistema. Vzorci ribjih izločkov so bili odvzeti neposredno iz 
črevesja rib, odpadno blato pa iz reaktorja za anaerobno obdelavo. Vzorci biofilma ter 
odpadnega blata so bili preneseni v 2 ml epruvete, korenine ter vzorci iz biofiltra pa v 50 ml 






7.6.4 Priprava vzorcev 
Za pridobitev visoko molekularne DNA smo vzorcem iz biofiltra in korenin dodali 45 ml 
ddH2O, centrifugirali (1 min pri 5000 vrtljajih/min), postavili v ultrazvočno kopel za 5 minut 
(Sonorex, Baudelin), ponovno centrifugirali za 10 min pri 5000 vrt./min (Centrifuga 5430, 
Vaudaux-Eppendorf AG, Schönenbuch, Švica). Vzorcem iz biofiltra ter vzorcem korenin 
smo dodali 1 ml vode, nato smo jih prenesli v ultrazvočno kopel (Sonorex, Baudelin) ter 
centrifugirali pri 5000 vrtljajih/min 10 min (Centrifuga 5430, Vaudaux-Eppendorf AG, 
Schönenbuch, Švica). Vzorce blata smo centrifugirali pri 7200 vrtljajih/min, 15 minut 
(Centrifuga 5430, Vaudaux-Eppendorf AG, Schönenbuch, Švica). Vsem vzorcem smo odlili 
supernatant ter pelete uporabili za nadaljnje analize. Zaradi možnosti primerjave rezultatov 
smo vzorcem določili enako koncentracijo (5 ng μl-1). Vzorce iz različnih delov sistema smo 
uporabili za določanje števila pomnožkov bakterij ter arhej, glede na skupno število 
pomnožkov 16S rRNA.  
7.6.5 Analiza vzorcev 
7.6.5.1 Izolacija DNA 
Postopek izolacije DNA smo izvedli po navodilih proizvajalca z uporabo DNeasy PowerSoil 
Kit (Qiagen, Venlo, Nizozemska) z nekaj modifikacijami: namesto 0,25 g vzorca prsti, smo 
pelet z dodanim pufrom za homogenizacijo vzorca prenesli v manjšo epruveto s steklenimi 
kroglicami. FastPrep® 24 smo uporabili za homogenizacijo in lizo celic (hitrost 4 m s-1, 45 
s). Po ekstrakciji smo vzorce shranili pri -20°C do nadaljnje analize. 
Genomsko DNA iz čistih kultur smo pridobili s pomočjo kompleta NucleoSpin®  (Macherey-
Nagel AG, Oensingen, Švica) po predpisanem protokolu od proizvajalca. Tri čiste kulture,  
Phytobacter diazotrophicus  DSM 17806,  Pseudomonas protegens  CHA0 in  Bacili  sp. 
CCOS 866 smo uporabili kot pozitivna kontrola. Te organizme smo uporabili kot kontrola, 






7.7 Kvantitativna verižna reakcija s polimerazo (qPCR) 
Verižna reakcija s polimerazo v realnem času temelji na pomnoževanju nukleotidnega 
zaporedja na tarčni DNA s pomočjo specifičnih začetnih oligonukleotidov (Garibyan, 
Avashia, 2013), ki so navedeni v Tabeli 17.  
7.7.1 Predhodno testiranje 
Število pomnoženih genov smo določali s qPCR (Klein, 2002). Za zaznavanje pomnoženih 
produktov smo uporabili metodo z uporabo barvila SYBR Green, ki oddaja izrazit 
fluorescenčni signal ob vezavi na dvoverižno DNA (Mackay, Landt, 2007). Za 
pomnoževanje vzorcev smo uporabili izolirana DNA iz pridobljenih vzorcev. V raziskavo 
smo vključili procese, ki so ključni za kroženje dušika v akvaponičnem sistemu: nitrifikacija 
(amoA, hao, nxrB), denitrifikacija (napA, narG, nirK, nirS, norB, nosZ (I in II)), anamoks 
(hzs, hzo), N-fiksacija (nifH), amonifikacija (gdh, ureC). 
Analizirali smo vzorce iz različnih delov akvaponičnega sistema (biofilter, ribji izločki, stena 
rezervoarja za ribe, korenine rastlin). Poskusi smo izvedli v dveh ponovitvah. 
Oligonukleotidni začetniki za pomnoževanje genov dušikovih bakterij ter arhej, ki 
sodelujejo v dušikovem ciklu, so navedeni v Tabeli 17. Nukleotidna zaporedja smo 
primerjali z zaporedji v bazi podatkov NCBI (National Center for Biotechnology 
Information) z uporabo programa Primer-BLAST.  
Vzorci s standardi smo kvantitativno izmerili z uporabo večnamenskega čitalca mikroploščic 
Synergy™ HTX in Quant-iT PicoGreen®. Vzorce smo razredčili z 2 μl reagenta PicoGreen 
ter dodali TE Buffer, ki je reagiral z delovnim reagentom PicoGreen (1 μl vzorca, 99 μl TE 
1X).  
Za izvedbo qPCR reakcije smo pripravili 10 μl reakcijsko zmes, ki je vsebovala 5,0 μl SYBR 
Green PCR master mix (Qiagen), 1,0 μl vsakega oligonukleotidnega začetnika (5 μM) in 2,0 
μL ddH2O. Reakcijski pogoji so predstavljeni v Tabeli 4. V vsako vdolbinico 96-plošče smo 
odpipetirali dva mikrolitra izolirane DNA iz vzorcev. Predhodni test je bil izveden z 
različnimi koncentracijami DNA (0,5 ng/μl ali 2,5 ng/μl). Pomnoževanje izolirane DNA smo 






Po končani qPCR reakcijah, je sledil PCR postopek. Reakcijskim mešanicam smo dodali 50 
μL prečiščene vode, ki smo jih ponovno pomnožili v cikličnem termostatu (Labcycler PCR, 
SensoQuest, Applied Biosystems) s predpisanimi reakcijskimi pogoji, ki so prikazani v 
Tabeli 6. 
Potrditev uspešnosti pomnoževanja smo preverili z nanosom vzorcev na 1,0 % agarozni gel, 
smo ga pripravili v pufru TAE. Ker so okoljski vzorci kompleksni in lahko vsebujejo 
zaviralne snovi, ki jih standardi ne vsebujejo, lahko pride do manjše PCR učinkovitosti 
(Schrader et al., 2012). Standardi za vsak tarčni gen smo pridobili z 10-kratnim redčenjem 
PCR produktov, ki smo jih pomnožili iz referenčne DNA. Učinkovitost reakcij smo 
izračunali s pomočjo naslednje formule:  
 Učinkovitost amplifikacije = 10  (- 1 / naklon)  (1) 
Učinkovitost tarčne DNA ter izbranih oligonukleotidnih začetnikov je opredeljena kot 
frakcija tarčnih molekul, ki so pomnožene v enem ciklu (Lalam, 2006; Alvarez et al., 2007) 
ter naj bi znašala vsaj 90% (Rasmussen, 2001). Število kopij na mikroliter smo izračunali iz 
števila baznih parov nukleinske kisline, povprečne molekulske mase baznega para DNA 
(660 Da) in izmerjene koncentracije DNA v μg ml-1 z naslednjo enačbo (Whelan et al., 
2003):  




7.7.2 Merjenje izražanja genov s kvantitativnim PCR 
Vse naslednje korake smo izvedli na ETH Univerzi v Zürichu (Švica). 
7.7.2.1 Predhodna PCR amplifikacija 
Izvedli smo predhodno PCR amplifikacijo, da ne bi prišlo do nastanka nespecifičnih 
produktov, ki lahko zmanjšajo učinkovitost naših rezultatov. Uporabili smo metodo s sondo 






oligonukleotidoma. DNA polimeraza s svojo eksonukleazno aktivnostjo razgradi sondo, 
zato lahko  zaznamo fluorescentni signal barvila. Vzorci so bili pripravljeni v komori UV3 
HEPA PCR Workstation (Pre PCR Hood). Reakcijske mešanice so vsebovale 2,5 μl TaqMan 
PreAmp Master Mix, 0,5 μ1 vsakega nukleotidnega začetnika (500 nM, razredčenih v pufru) 
in 0,75 ddH2O. Skupni volumen vsake reakcije je bil 5 μl. PCR reakcije so potekale na 
ploščici s 96 vdolbinicami. Uporabili smo naslednje termični pogoji: 95°C 10 min, 95°C 15 
s, 55°C 4 min. Odstranjevanje neželenih produktov smo izvedli po navodilih proizvajalca. 
Dva mikrolitra razredčene Exonuclease (4 U μl-1) smo dodali vsaki reakciji pred 
amplifikacijo. Sledila je druga PCR obdelava vzorcev (inaktivacija nezaželenih stranskih 
produktov) z naslednimi pogoji: 30 min 37°C, 15 min 80°C. Po izvedeni PCR amplifikaciji 
smo Kam? dodali 18 μl suspenzijskega pufra DNA (TEKnova, PN T0221), da smo dobili 
razredčitev končnega izdelka do ustrezne koncentracije. Petkratno razredčene reakcije s 
prečiščeno vodo smo pripravili za nadaljnje analize prisotnosti genov.  
7.7.2.2 Kvantitativna qPCR 
Analizo izražanja genov mikroorganizmov smo izvedli z uporabo BioMark ter Juno naprave 
na ETH Zürich. Za vsak vzorec smo v komori UV3 HEPA PCR Workstation pripravljali 
reakcijske mešanice. Vzorce smo nanesli na mikrotitrsko ploščo (192.24 Dynamic Array 
Integrated Fluidic Chip – IFC) s 384 vdolbinicami. Reakcijske mešanice so vsebovale 2X 
SsoFast EvaGreen Supermix with low ROX™, 192.24 Delta Gene Sample Reagent in 
predhodno amplificirano DNA. Reakcijski pogoji qPCR so navedeni v Tabeli 8. 
7.7.3 Izračun števila kopij genov  
Učinkovitost posameznih reakcij smo merili s pomnoževanjem različnih odsekov genov za 
16S rRNA (Lehmann, Kreipe, 2001; Roche, 2001). Standardno krivuljo smo izdelali z 
desetkratno redčitveno vrsto. S pomočjo le te je prikazano razmerje med logaritmom 
izmerjenih koncentracij standardov ter Ct vrednostmi. Idealen naklon za 100% učinkovitost 
qCPR znaša -3.32, kar pomeni, da sta z vsakim ciklom med reakcijo ustvarjeni dve kopiji 






naklona smo izračunali število pomnožkov v vzorcih. Število pomnožkov (x) v naših vzorcih 
smo izračunali s pomočjo enačbe: 
 x = (=>	–	,3>@AB@+>)34)0*3  
(3) 
Koncentracije standardov smo pretvorili v število kopij μl-1, kar je pripomoglo k nadaljnjim 
izračunom števila kopij v vzorcih iz sistema.  
7.7.4 Statistika 
Vse podatke smo analizirali z uporabo statističnih paketov, implementiranih v različici 
RStudio 1.2.5033. Z uporabo Ct  vrednosti je bila za primerjavo učinkovitosti vsakega 
standarda uporabljena analiza variance (enosmerna analiza variance ANOVA). 
Kvantitativni qPCR podatki smo prikazali z grafično predstavitvijo z uporabo barv izdelano 
v statističnem jeziku R (R Core Team, 2014). Pri tem smo uporabili različne funkcije iz 
knjižnic dplyr, ggplots, RColorBrewer, BiocManager, HTqPCR, stats. Izračune smo naredili 
s pomočjo paketov Biobase, BiocGenerics iz knjižnice HTqPCR. Hierarhično združevanje 
smo izvedli s pomočjo paketa pheatmap (Wang et al., 2014) za testiranje številčnosti genov 
med različnimi deli akvaponičnega sistema. Za oceno genske številčnosti smo vzorce 
primerjali s testom Wilcoxon in Kruskal-Wallis med sistemi (A, B, C). Pearsonova 
korelacijsko analizo smo izvedli med kopijami specifičnih genov ter genom 16S rRNA in 
okoljskimi parametri (NH4+-N, NO2--N, NO3—N, temperatura vode, pH, električna 
prevodnost (EC) in raztopljeni kisik (DO)). Korelacijsko matriko smo vizualizirali z uporabo 
paketa ggcorrplot ter Hmisc v R (Harell, 2016).  
7.8 REZULTATI 
Za določitev enotnega vzorca od 17. do 22. septembra 2017 smo odvzeli vzorce v 
akvaponičnem sistemu na Univerzi ZHAW, Wädenswil. Vzorcie za molekularne analize 






7.9 Testiranje oligonukleotidnih začetnikov 
Za potrditev raziskave o mikrobni skupnosti bakterij ter arhej (Schmautz et al., in 
preparation) v akvaponičnem sistemu v Wädenswilu, smo izvedli kvantitativno določitev 
dušikovih funkcionalnih genov. Predtesti so zajemali nabor različnih oligonukleotidnih 
začetnikov, ki so vključeni v kroženje N (Tabela 17). Predteste smo izvedli v laboratoriju za 
molekularno biologijo EGSB (ZHAW, Wädenswil) in nadaljnji testi na GDC (ETH, Zürich). 
Oligonukleotidni začetniki smo glede na rezultate testiranj razvrstili v različne skupine: gen 
pravilno amplificiran (+), gen ni pravilno amplificiran ali nespecifičen (-), ni potreben za 
našo študijo (NN), ni preizkušen (NT), uporabljen za končno analizo (A) (Tabela 16). 
Velikost in izvor oligonukleotidnih začetnikov smo potrdili z analizo PCR produktov na 
agaroznem gelu ter pregledom specifičnosti posameznega začetnika z uporabo Primer-
BLAST. 
Skupaj smo testirali 48 oligonukleotidnih začetnikov (Tabela 16). V prvem koraku, 30 parov 
oligonukleotidnih začetnikov je pravilno delovalo, kar smo preverili z gelsko elektroforezo 
(označeni z zeleno v Tabeli 16). Preostalih 18 začetnikov ni bilo uporabljenih za nadaljnje 
testiranje. V drugem koraku je bilo testiranih 23 oligonukleotidnih začetnikov (označeni z 
rumeno v Tabeli 16), ki niso pravilno delovali v prvem koraku. V naslednjem koraku 10 
parov nukleotidnih začetnikov (označeni z oranžno v Tabeli 16) je bilo pravilno podvojenih. 
V četrtem koraku (označeni z modro v Tabeli 16) smo testirali tiste tarčne gene, ki niso 
delovali v prejšnjih korakih.  Preteste na GDC smo izvedli z uporabo SsoFast EvaGreen® 
namesto SYBR Green®, ker SYBR Green ni združljiv s Fluidigm IFC. Opazili smo, da ima 
EvaGreen® kot spektralno podobno barvilo večjo občutljivost, zato smo vse nadaljnje 
analize opravili z uporabo SsoFast Eva Green. Predhodno podvojevanje smo uporabili samo 
za vzorce. Izbrani oligonukleotidni začetniki, ki smo jih uporabili za nadaljnjo analizo s 
192.24 IFC so pokazali pravilne velikosti amplikona brez nespecifičnih produktov (Tabela 
15). 
Za določitev učinkovitosti reakcije za kvantitativno analizo dušikovih genov smo uporabili 
standardno krivuljo. Učinkovitost standardov je znašala med 90 do 110% (Tabela 15). 
Vrednosti R2 standardnih krivulj, ki predstavljajo linearnost podatkov, so ustrezale 
regresijski črti (Tabela 15). Od vseh 48 preizkušenih oligonukleotidnih začetnikov, jih je 16 






7.10 Funkcionalni geni vključeni v dušikov cikel   
16S rRNA gen in drugi dušikovi funkcionalni geni (Tabela 15) smo uporabili za oceno 
številčnosti funkcionalnih N mikrobnih skupin. Gena amoA ter nxrB smo uporabili za 
določitev nitrifikacije ter komamoks procesa, narG, napA, nirS, nirK, norB, nosZ za 
denitrifikacijo, nifH za fiksacijo dušika in hzs anamoks (Tabela 2).  
Gen 16S, ki je prisoten v vseh bakterijah in arhejah, je idealen za zaporedje identifikacije 
organizmov. Število bakterij gena 16S rRNA je bilo večje od številčnosti 16S rRNA genov 
arhej v vseh vzorcih (Slika 1). Število bakterij gena 16S rRNA je bilo v območju 1.09×106  
do 9.72×109  števila kopij µl-1, medtem ko se je številčnost gena arhej gibala od 1.67×102  do 
2.24×106  števila kopij µl-1. Bakterijska 16S rRNA je bila višja pri FT, BF in FF (Slika 6) 
16S rRNA arhej pa najvišje v FS in DS (Slika 6).  
Med FS, DS za gen 16S rRNA bakterije ter med FT in FF za gen 16S rRNA arheje ni bilo 
opažene statistične razlike (ns, p>0.05) (Slika 1). Kruskal-Wallis Wilcoxon test je pokazal 
statistično razliko med RO in FF (*p<0.05), med HS (**p<0.01), med FT, BF in HT 
(***p<0.001) v bakterijah in med FS (*p<0.05), med HS in DS (**p<0.01) in med BF, HT 
in RO (***p<0.001) v arhejah (Slika 1). 
7.10.1 Aerobna nitrifikacija 
Številčnost gena amoA pri bakterijah je bila 1- do 2-krat večja od številčnosti amoA ahej v 
vzorcih FT  in HS (Slika 7). Po vseh drugih funkcionalnih genih (amoA Nitrosomonas, amoA 
Nitrospira, hao, nxrB Nitrospira) smo opazili približno podobno dinamiko (Slika 5). 
Številčnost genov je pokazala, da so bili glavni NH4+ oksidanti povezani s procesom 
komamoks (Slika 5). Večjo številčnost genov amoA Nitrosomonas in nxrB Nitrospira 1 in 2 
smo opazili v BF kot v FF, HS in HT (Slika 9). Kljub razlikam v sestavi bakterijske genske 
skupnosti 16S rRNA, so bili nekateri nitrifikacijski geni enakomerno razporejeni v celotnem 
sistemu (Slika 5). Med amoA genom različnih bakterijskih vrst (Slika 7), genom amoA  
arhejskih vrst (HT, RO, FF, FS, DS) (Slika 7) in amoA genom za Nitrosomonas (Slika 8) 






pokazal pomembno razliko med BF in HS (*p<0,05) pri arhealnih amoA (Slika 7). Gen 
amoA Nitrospira je bil v največjem številu prisoten v BF (Slika 9). 
7.10.2 Denitrifikacija 
Tako kot v številčnosti genov, povezanih z nitrifikacijo, smo tudi pri porazdelitvi genov, ki 
sodelujejo pri denitrifikaciji odkrili različno porazdelitev v sistemu. Najvišja številčnost 
gena narG je bila v FT in BF, medtem ko ni bil prisoten v FF (Slika 10). V nasprotju z narG 
je bil gen napA v večjem številu prisoten v FS in BF (Slika 10). Številčnost nirS in nirK je 
bila podobno porazdeljena po vseh vzorcih, z edino razliko v FS in RO, kjer je nirK bil 
najvišji (Slika 5). Gena norB in nosZ sta pokazala podobno razporeditev v sistemu, razen 
vzorca FS, kjer prevladal gen nosZ (Slika 10). Gen napA je bil prisoten v največjem številu 
v DS. Gen  narG  je prevladal nad genom napA v vzorcu BF (Slika 5). Število kopij genov 
nirK in nirS, norB in nosZ se je povečalo zaradi zmanjšane koncentracije NO3- (Slika 5). 
Tako je bil proces denitrifikacije v anoksičnem območju biofilma pomemben znak za 
povezovanje nitrifikacije in denitrifikacije na istem območju. Pomembne statistične razlike 
nismo opazili (ns, p>0,05) pri genu nirK (Slika 11) med HS, RO, FF, FS, DS in genu nirS 
med FF, FS, DS (Slika 11). Kruskal-Wallis Wilcoxon test je pokazal pomembno razliko med 
HS, HT in RO (*p<0,05) pri genu nirS (Slika 11) ter med FT in HS pri genu nosZ (Slika 12). 
Znatne razlike so bile opažene med FT in BF (**p<0,01), pri genu norB (Slika 12) in genu 
nirS (Slika 11).  
7.10.3 DNRA, anamoks in fiksacija dušika 
Številčnost anamoks genov je bila višja v FT, BF, FF, FS (Slika 5). Prisotnost pozitivnega 
signala za anamoks v aerobnem območju je bil v skladu z anaerobnim življenjskimi 
značilnostmi teh mikroorganizmov. Genske sekvence anamoks smo amplificirali z uporabo 
univerzalnega para oligonukleotidnih začetnikov. Rezultati za nrfA ter hzs niso prikazani 
zaradi nespecifične amplifikacije v predtestih opravljenih s kompletom oligonukleotidnih 
začetnikov nrfAF2aw/nrfA-7R1 ter hzsA1597F/hzsA1857R.  Število kopij gena nifH je bilo 
podobno v šestih vzorcih (Slika 13). Število kopij gena nifH  je bilo najvišje v vzorcih HS 






7.11 Vpliv okoljskih parametrov na porazdelitev dušikovih genov   
Količina N genov se je spreminjala med deli akvaponičnega sistema pod vplivom različnih 
okoljskih parametrov, kot so pH, električna prevodnost (EC), temperatura, redoks potencial, 
raztopljeni kisik (DO) in dušikove spojine NH4+, NO3-, NO2- in organski N (Slika 14). 
Podatki za FF niso prikazani zaradi neizmerjenih okoljskih parametrov. Raztopljeni kisik je 
bil pozitivno povezan z geni, povezanimi z nitrifikacijo, kar je potrdilo, da se koncentracije 
DO v biofiltru, okoli korenin rastlin in v rezervoarju za ribe povečajo zaradi dejavnosti 
aerobnih nitrifikatorjev in heterotrofov ter rib (Slika 14). V nasprotju s tem so nizke 
koncentracije DO prispevale k izgubi N z denitrifikacijo in zmanjšano aktivnostjo AOB in 
NOB. Glavne bakterije, ki oksidirajo amoniak Nitrosomonas amoA gen so pokazale 
pozitivno povezanost z amoA in nxrB Nitrospira in negativno z nosZ (Slika 14). NO2- je bil 
pozitivno povezan z bakterijskimi amoA,  narG in nifH, kar kaže, da je bistvenega pomena 
pri oksidaciji NH4+ in zmanjšanje NO3-. Identifikacija pozitivne korelacije med številčnostjo 
amoA Nitrospira in nxrB Nitrospira gena kaže na popolno oksidacijo amonijaka. Gene napA, 
odgovoren za redukcijo NO3- , je imel le šibko do zmerno korelacijo z nxrB Nitrospira, kar 
kaže na to, da imata obe bakteriji podoben gen, vendar nista z isto funkcijo prisotni pri 
kroženju dušika. Gen  norB  z vlogo v redukcije NO je pokazal negativno povezanost z NO2- 
in NO3-,  amoA in nifH (Slika 14). Gen nosZ  gen je bil povezan s skupnimi arhejami, kar 
potrjuje, da so arheje iz Crenarchaeote in halobakterij (Cabello et al., 2004) izkoriščale  nosZ  
gen za izvajanje redukcije N2O tudi v akvaponičnem sistemu. Vsi denitrifikacijski 
funkcionalni geni so bili negativno povezani z DO (Slika 14). 
8 RAZPRAVA Z ZAKLJUČKI 
V  raziskavi smo ocenili metodo za določanje količine nukleinske kisline z uporabo dsDNA 
bakterij ter arhej iz velikega števila vzorcev. Lahko potrdimo, da je za kvantitativno 
določanje nukleinske kisline najbolj uporabna metoda standardne krivulje. Uporabljena 
fluorescenčna detekcija s SsoFast EvaGreen je občutljiva in natančna metoda za določanje 
količine DNA v vzorcih. V tem primeru metoda omogoča količinsko določitev zelo nizkih 
ravni (nanogram) koncentracij v vzorcih. Pokazali smo, da je za razvoj vsake komponente 
za qPCR pomembna uporaba optimizacije oligonukleotidnih začetnikov v kombinaciji z 






V skladu s prvo hipotezo akvaponični sistem predstavlja zapleten habitat, ki lahko gosti zelo 
raznolike mikrobne skupnosti (Schmautz et al., 2017; Eck et al., 2019), ki zagotavljajo 
gojenje zdravih rastlin in rib. Prevladujoče vrste opazovanih mikroorganizmov (Schmautz 
et al., 2017) so se spreminjale v različnih točkah vzorčenja, odvisno od vsebnosti N v vsakem 
delu sistema. Akvaponični sistem je razvil nitrifikacijsko populacijo bakterij, ki je sposobna 
pretvoriti NH4+ do NH2OH do NO2- do NO3-. Številčna prevlada AOA kaže na večji 
potencialni prispevek k oksidaciji NH3. Od znanih nitrificirajočih bakterij so bile 
najpogosteje prisotne iz razreda Betaproteobakterije, AOB iz rodu Nitrosomonas, 
Nitrosococcus, Nitrosospira, Nitrosolobus, Nitrosovibrio in NOB iz rodu Nitrotoga, 
Nitrobacter,  Nitrosococcus, Nitrospira, Nitrospina. Rezultati so pokazali različna razmerja 
COMAMMOX v primerjavi z Nitrosomonas amoA. Na relativno številčnost teh 
mikroorganizmov so vplivale razlike v DO in NH4+-N (Palomo et al., 2016; Pjevac et al., 
2017; Tatari et al., 2017; Wang et al., 2017), kar potrjuje tretjo hipotezo, da število 
nitrifikacijskih bakterij, ki pretvarjajo NH4+ v NO3- v biofiltru prevlada nad številom bakterij, 
ki so vključene v proces oksidacije NO2- v NO3-. 
Denitrifikacijski geni, odgovorni za anaerobne transformacije N, so bili povezani z 
anoksičnimi pogoji, ki so ugodni za njihov metabolizem, kar je skladno z drugo hipotezo, da 
anaerobni mikroorganizmi ter encimi, ki so odgovorni za anaerobne procese kroženja dušika 
smo zaznali v anaerobnem reaktorju. Pri fakultativnih anaerobnih heterotrofih smo opazili 
veliko raznolikost denitrifikacijskih genov. Denitrifikacijski povezani geni v anaerobnih 
pogojih so variirali med rodovi Agribacterium, Achromobacter, Aerobacter, Acinetobacter, 
Alcaligenes, Bacillus, Brevibacterium, Flavobacterium, Pseudomonas, Protus, 
Mikrococcus, Paracoccus, Azoarcus, Comamonadaceae, Rhodobacter. Analiza bakterijske 
skupnosti je pokazala, da se proces ANAMMOX razlikuje med Planctomycetes in redom 
Candidatus Brocadia sp., kar je bilo podobno ugotovitvam Schmautz et al (2017) in Jetten 
(2001). Mikroorganizmi povezani s procesom DNRA so na splošno prisotni v anoksičnem 
okolju in okolju z nizkimi koncentracijami NO3- (Burgin in Hamilton, 2007; Kraft et al., 
2011; Rütting et al., 2011; van den Berg et al., 2015). Na podlagi dobljenih rezultatov ter 
prejšnjih študij sklepamo, da na anaerobnih mestih v akvaponičnem sistemu lahko istočasno 
pride do procesa DNRA in denitrifikacije (Smith in Zimmerman, 1981; Stevens et al., 1998) 






V postopku fiksacije N smo to ugotovili, da se je številčnost gena nifH  povečala z višjim 
pH in DO (Slika 14), kar kaže na tesno povezavo med mikroorganizmi, ki fiksirajo N ter pH 
in DO. Koreninski sistem solate je sodeloval z bakterijami, ki dobivajo energijo za N 
fiksacijo iz fotosinteze. Ne izključujemo dejstva, da N fiksacijo izvajajo tudi arheje (Hayden 
et al., 2010) in ker so uporabljeni nukleotidni začetniki ciljali samo bakterije (Tabela 2), 
ostaja na tem področju  še veliko možnosti za nova odkritja. V akvaponičnem sistemu je 
oksidirana oblika fiksiranega N predvsem NO3- ter NH4+, kljub nižjemu zaznavnemu številu 
v štirih vzorcih (FT, BF, HS, HT – Slika 5). To lahko potrdimo z dejstvom, da NH4+ velja 
za primarni vir N za fiksiranje ter je energetsko ugoden za večino rastlin, saj se najhitreje 
asimilira v organske snovi. 
Z raziskovanjem številčnosti N funkcionalnih genov v osmih delih akvaponičnega sistema 
smo omogočili celovit vpogled v strukturo mikrobne skupnosti nitrifikatorjev, 
denitrifikatorjev, N-fiksatorjev in organizmov, povezanih z anamoksom. Lahko potrdimo, 
da z validiranimi in optimiziranimi nukleotidnimi začetniki lahko s pomočjo genske 
številčnosti določimo učinkovitost delovanja akvaponičnega sistema. Okolje kot je 
akvaponični sistem ima potencialno sposobnost različnih dušikovih procesov, kar lahko  
izboljša razlago kompleksnih okoljskih metagenomskih podatkov. Pridobljeni rezultati 
lahko v prihodnje razširijo znanje o mikrobnih združbah in so lahko koristni tudi pri 
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10  APPENDICES 
10.1 The primer sets used for pretests 
Table 16: Determination of specificity of target N genes 
Tabela 16: Določitev specifičnosti tarčnih genov dušika 
Primer set 
tested 
Primer set tested Target organism bp 
Pretests at EGSB (ZHAW) Pretest at 
GDC 
(ETH) Pretest1 Pretest2 Pretest3 Pretest4 
3031 nxrB169F/nxrB638R All Nitrospira lineages 
(nxrB) 
485 – + NT NT 
 
3233 nxrB-1F/nxrB-1R Nitrobacter sp. (nxrB) 411 – + – NT 
 
3435 NSR1113F/NSR1264R Nitrospira (16S rDNA) 151 + – NT NT 
 
3637 Arch-amoAF/Arch-amoAR Ammonia-oxidizing 
Archaea (AOA) 
635 – – NT NT 
 
3839 amoA-1F/amoA-1R Ammonia-oxidizing 
Bacteria (AOB) 
491 (+10) + + NT NT T 
4041 amoA19F/amo643R AOA (amoA) 647 (+10) – + NT NT 
 
4243 AOA-amoA-F/AOA-amoA-R AOA (amoA) 256 (+10) – + NT NT 
 
4445 comaA-244F/comaA-659R Comammox Nitrospira 
Clade A amoA 
415 (+10) – NT NT NT 
 
4647 comaB-244F/comaB-659R Comammox Nitrospira 
Clade B amoA 













5051 hzsA1597F/hzsA1857R Anammox microorganisms 
(hzs) 
261 (+10) – + NT NT 
 
5253 haoF/haoR N. Europaea (hao) 
 
(+10) – NT NT NT 
 
5455 V17m/napA4r napA 152 (+10)– NT NT NT 
 
5657 narG328F/narG497R narG 170 (+10) + + + NT 
 
5859 FGPH19/FGPH273 nifH (Frankia genus) 350 (+10) + – NT NT 
 
6061 PolF/PolR nifH  359 (+10) + + NT NT 
 
6263 nirK876C/nirK1040 nirK 164 + + NT NT 
 
6465 nirScd3af/nirSR3cd nirS 422 + + NT NT 
 
6667 nrfAF2aw/NrfA-7R1 Nitrite-reducing nrfA 269 – – NT NT 
 
6869 cnorB-2F/cnorB-6R norB (NO reductase) 390 – NT NT NT 
 
7071 nosZ2F/nosZ2R nosZ 267 + + NT NT T 
7273 nosZ-II-F/nosZ-II-R nosZ II 690-
720 
– NT NT NT 
 
7475 GDH-F/GDH-R gdh 273 + – NT NT 
 
7677 ureC-F/ureC-R ureC 317 + NA NT NT 
 
7879 AMgeo-F/Amgeo-R geoA 167 + NA NT NT 
 
8081 341F/797R 16S rDNA (Bacteria) 440 - 
470 
+ NA NT NT 
 
8283 ARC787F/ARC1059R 16S rRNA (Archaea) 271 
 
+ NT NT 
 
8485 1055F/1392R 16S rRNA (Bacteria) 340 - 
360 
  


















3940 Brod541F/Amx820R Anammox bacteria 16S 
rRNA 
269 NT NT + NT 
 
4142 hzocl1F2/hzocl1R2 hzo (N. Europaea) 471 NT NT + NT 
 
4344 Amx386F/Eub534R Anammox bacteria 16S 
rRNA 
168 NT NT + NT 
 
4546 Ntsp-amoA 162F/Ntsp-amoA 
359R 
amoA Nitrospira 198 NT NT + NT 
 
4748 Nspra675F/Nspra746R 16S Nitrospira 72 NT NT + NT 
 
4950 HAO1Fq/HAO1Rq Hao 85 NT NT + NT 
 
5152 napA-3F/napA-3R napA 129 NT NT + NT 
 
5354 NorB1Fq/NorB1Rq norB (Pseudomonas 
mandelii) 
151 NT NT + NT 
 
5556 cnorBpF/cnorBpR norB (Nitrosomonas 
Europaea) 
200 NT NT + NT 
 
4243 Arch-amoA_F/Arch-amoA_R AOA-Total-amoA 
(Nitrososphaera, 
Traumarchaeota) 








Nitrosomonas-2 - amoA 146 NT NT NT + T 
4849 NitrospiraG1-
a_F/NitrospiraG1-a_R 













Comammox amoA 70 NT NT NT + T 
4654 comaB-244F/comaB-659R Comammox amoA 
 
NT NT NT – 
 
+: gene correctly amplified, visible bands of the expected size; NA: not analyzed; -: not correctly amplified, no visible or non-specific band or too 







10.2 The primer sets used for gene quantification 
Table 17: Oligonucleotide primers used for quantification of bacterial and archaeal N-cycling genes 







 Forward primer °C 
Tm  
Reverse primer °C 
Tm  
bp  Reference Sample 
amplicon 
6061 nifH  PolF; PolR TGC GAY CCS AAR 
GCB GAC TC  
55 ATS GCC ATC 
ATY TCR CCG GA  










60 164 Henry S, et al., 
(2004) Hallin, 
S., Lindgren, 
P.E., 1999.  
Digested 
sludge (B16) 




















47 350 Ferris, et al., 
1996. Lane, 




x bacteria  
Amx368F/
Eub534R 
TTC GCA ATG CCC 
GAA AGG 
59 ATT ACC GCG 
GCT GCT GGC 
67 168 Schmid, et al., 
2003. Muyzer, 












48 198 Fowler SJ, et 









62 85 Yu R, 
Kampschreur 
MJ, et al., 2010 
Digested 
sludge (B16) 
5152 napA napA-3F/ 
napA-3R 
CCC AAT GCT CGC 
CAC TG  
58 CAT GTT KGA 
GCC CCA CAG  









5354 norB  cnorBpF/cn
orBpR 
CAT GGC GCT GAT 
AAC GGG 
59 CTT IAC CAT GCT 
GAA GGC G 
59 151 Dandie CE, et 











CTG ACT GGG CGT 
GGA CAT CA 
62 CCC AAT GCA 
AAC CAT GCA CC 
61 172 Bartelme RP, et 












ATT TGG ACC GAC 
CCA CTT ACC 
60 TAT GAC CAC 
CAA ACG TAC GC 










TAT GGG GTG TTC 
GAA GGG ATG 
52 ATG TTC ACG 
AAG CGC CAT TC 










ACG TCA AAA TCA 
CGC AGC TG 
60 CGC CAT CGA 
AAA TGG TCA 
TCC 











CGG ACT ACA TGG 
GCT TTG 
55 GAG CCC ACT 
TCG ATC ATC C 













50 256  H.R. Harhangi, 
et al., (2012)  
Digested 
sludge (B01) 
5657 narG narG328F; 
narG497R 
GAC AAA CTT CGC 
AGC GG  
51 TCA CCC AGG 
ACG CTG TTC  






CAR TGY CAY GTB 
GAR TA  
42 TWN GGC ATR 
TGR CAR TC 



























64 491 Rotthauwe J-H, 
et al., (1997)  
Digested 
sludge (B16) 






60 422 Throbäck IN, et 








10.3 First pretest 
 
Figure 15: The PCR products of first pretest 






10.4 Second pretest 
 
Figure 16: The PCR products of second pretest 







10.5 Third pretest 
 
Figure 17: The PCR products of third pretest 







10.6 Fourth pretest 
 
Figure 18: The PCR products of fourth pretest 






10.7 The standard curves 
 
Figure 19: Standard curves for 16S rRNA Bacteria and Archaea, bacterial amoA, amoA Nitrosomonas, amoA Nitrospira and amoA 
COMAMMOX. Data points represent the average of duplicate measurements.  
Slika 20: Izris umeritvenih krivulj za gen 16S rRNA bakterij in arhej, bakterijskega amoA gena, amoA Nitrosomonas, amoA Nitrospira ter 
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Figure 20: Standard curves for archaeal amoA, hao, napA, nxrB Nitrospira 1 and 2, and narG gene. Data points represent the average of 
duplicate measurements. 
Slika 21: Izris umeritvenih krivulj za gen amoA arhej, hao, napA, nxrB Nitrospira 1 in 2 ter narG gena. Točke predstavljajo povprečne izmerjene 
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Figure 21: Standard curves for nifH, nirK, nirS, norB, nosZ and ANAMMOX related genes. Data points represent the average of duplicate 
measurements. 
Slika 22: Izris umeritvenih krivulj za gene nifH, nirK, nirS, norB, nosZ and z ANAMMOX povezani geni. Točke predstavljajo povprečne 
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